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BSTRACT. Ina previous approximate theory of the action of rectangular frame aerials 
sed with waves comparable in length to the frame-dimensions, it was assumed that the 
ame current would be a maximum when the initial current produced by a local oscillator 
r a passing electromagnetic wave was in phase with a supplementary current produced 


7 per cent and is usually less than 3 per cent. These errors are not greater than the 
xperimental errors which arise when short waves comparable in length to the dimensions 


f the frames are used. 


- 


§1. THE ACTION OF RECTANGULAR SHORT-WAVE FRAMES 


CURRENT is generally produced in a wireless frame aerial either because the 
frame is fed by a local high-frequency oscillator or because passing electro- 
magnetic waves are incident upon it. Either of these primary sources of 
nergy will cause an initial current to be set up in the frame. If the frame be 
ectangular and if its dimensions be comparable with the wave-length of the initial 
urrent, then two other supplementary or component currents (which are other- 
ise negligible) will contribute appreciably to the final or resultant current produced 
n the frame. 

- One of these supplementary currents is due to the fact that the initial cur 
ne limb of the frame at any point P, say, contributes to the resultant current in the 
pposite limb of the frame at P’, say, by direct radiation across the frame, whilst the 
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ant current at P by reflection of it 


378 
initial current at P also contributes to the result 


radiation back to P from the opposite limb of the frame. = s . 
The other supplementary current arises from the fact that the initial disturban 


at P causes a wave to travel round the frame-perimeter back to P where it, also, 
contribute to the initial disturbance. 

In the previous communications “’”) an approximate theory of the first 
radiation effect has been given, whilst the second effect has been eric in 
paper on the current-distribution round a short-wave frame aerial“ . tis 
object of the present note to consider the magnitude of the errors arising from 
approximate theory of the radiation effect which has been described in the c 
munications ‘"”>) referred to above. 


§2, THEORETICAL CONSIDERATIONS: TRANSMISSION 


Consider first the case of a frame actuated by a local oscillator, and let the imitt 
current per centimetre at P in one limb of the frame be J, where J= J, sin wt. Thi 
initial current will not be that actually measured because it will be more or 
reinforced by the supplementary currents produced by the radiation effects referre 
to above. In the case of a transmitting frame, let this initial current J at P produc 
a supplementary current 7 at P given by i=% sin (wt+p,) per centimetre and als 
a supplementary current 7’ at P’, in the opposite limb of the frame, given b 
| =1y' sin (wt +p,’) per centimetre. The amplitudes % and 2’ are dependent on J, 
on the wave-length A in air, and on the distance D between the opposite limbs 
the frame. p, and p,’ are phase-changes between 7 and 7’ respectively and the initi 
current J. These phases are dependent on both time and space. We may write th 
supplementary currents in the general form 

f (AD) I, sin [wt + 27 J (vdt—ds/d)], 

where v is the wave frequency and dt and ds are increments of time and spac 
respectively. The initial and supplementary currents at P will have a resul 
current Ip, the amplitude of which will depend on the amplitudes of and the ph 
difference between the component currents. If i) and i)’ were constant and i 
dependent of D, then, for a given wave-length, a maximum resultant current woul 
occur when the components J and 7 at P were in phase and when the componen 
I at P and 7’ at P’ were 7 out of phase. The approximate theory already give 
assumed that for a given wave-length the variation of iy or iy’ with D was negligibl 
for values of D not very different from that particular value for which the tw 
components were in or out of phase. Thus it was concluded* that the fram 
current would be a maximum when 

Pee tame =  — | eevee (1a) 


and ’ ’ 
where n and n’ are integers. pe = dant y)m eS (16), 


An the particular case of a transmitting frame the two components J and 
recombine at P after a time interval 2t, say, during which the initial component 


* See references (2) and (1) respectively. 
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at P has continued, whilst the supplementary component 7 at P has resulted from 
radiation which has travelled across the frame and back through a total distance 
of 2D. Thus at point P and time 2¢ the initial component J has suffered a phase- 
change of 27.2vt whilst the supplementary component 7 has also suffered a phase- 
change of 27.2vt together with other phase-changes due to the distance 2D and 
to the mechanism of emission and absorption of radiation by the limbs of the frame. 
Thus the resultant phase-change may be considered as that due to the time interval 
at together with that due to the “‘effective”’ distance traversed by the radiation. 
It has been shown”? that this ‘‘effective’’ distance is given by 


mA a—I 
2(D— 5 tan ae 
2m a 


where a=27D/A. Hence, for the case of a transmitting frame, the phase-difference 
between the supplementary current 7 at P and the initial current J at P is given by 


oe eae I Ape eel 
p;=2T 2 Jt (D- = tan =| ~ 201 
=—2(a-9), 


I 
. If the assumption that p,;= + 2m7 be correct, then we have 


a 
where ¢=tan- 


—2(a—¢)= +2n7 
or tan(atmm)=(a@2—-1)/@ evn (2a). 
Similarly the two components at P’ will recombine after a time interval ¢ during 
which the supplementary component 7’ will have resulted from radiation which has 
travelled across the frame a distance D. Thus the phase-difference between the 
supplementary current 7’ at P’ and the initial current J at P is p;’, where 


; Trane Meee, Gat ) 
eon {et —~ | D—— tan — ) _vt 
pie a iG A ( 2m a J 

=,—(a—-¢). 

Hence, if p,;/ = +(2n’ +1) 7, we have 
tan[at+(2n’+1)m]=(@—1)/@ es (2b). 

Since p,=2p,’ these equations—and equations (1)—can only be satisfied simul- 
taneously if m be an odd integer. Consequently, only alternate solutions of equation 
(2a) give what were, for convenience of reference, called the first formatizing con- 
ditions for transmission,* that is, the conditions giving the critical dimensions of 
the frame for maximum current from a local oscillator of constant voltage output. 
By introducing the arbitrary parameter s the final formatizing conditions for rect- 
angular transmitting frames were given as 


tan (a—1p) =(a*—1)/a (3) 
and Ee ICE A rrr! 
where a=27W/A and a’ =27H/A, W and H being the frame-width and height 


respectively. 
* See reference (2), p. 66. 
24-2 
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It is now desirable to examine the function f (AD) in order to see how %& and ig’ 
vary with D. This will enable us to determine to what extent the assumptions 
underlying equations (1) and (2) are justified and will also enable the magnitude of 


the errors involved in equations (3) to be calculated. é 
If the initial current at P in one limb of the rectangular frame be J, sin wé per cm., 


then the supplementary current 7’ per cm. produced in the parallel opposite limb 
a distance D away is given by the equation 
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paJ-b (tay + at] sin [ot (0-9) 


where J is a constant.* For convenience of calculation this expression may be 
written in the form 
i’ = KI, \/(1/a?—1/a*+1/a°*) sin [wt —(a—4)] 
=i, sin (wt+p;’). 

Here K is another constant for a given wave-length. With 7’ in amperes per centi- 
metre and D and J in centimetres, the constant K=12077/A?R, where R is the 
resistance in ohms per centimetre of the frame wire. The numerical value of K for 
the short waves under consideration and for suitable copper wire is of the order of 
unity.+ It is shown below that the exact value of K is of little importance in con- 
nection with the present problem. 

The field radiated by the current 7’ is responsible for producing the supple- 
mentary current 7 at P in the original wire. The relation between 7’ and 7 will be 
similar to that between J and z’, and consequently 


t= Ki’ \/(1/a?—1/a*+1/a®) sin [wt —2 (a—¢)] 

= K* (1/a?—1/a*+1/a®) I, sin [wt —2 (a—¢)] 

=1y sin (wt +p) OS) Jee (4)- 
For convenience in determining the magnitude of the errors involved in the use of 
equations (1) or (2), the discussion will be restricted to a consideration of the 
supplementary current 7 at P, although the same results can be obtained by con- 
sidering the supplementary current i’ at P’. 
In figure 1, %)/A°J, is plotted against a (i.e. 27D/X), whilst p; is plotted against @ 
in the full-line graph of figure 2. By plotting corresponding data from these two 
graphs, the spiral vector diagram of figure 3 is obtained. Figure 36 is figure 3a 
enlarged. Any point on this spiral, when multiplied by the scalar constant K°J,, 
represents vectorially the supplementary current 7 for any particular value of a. 


In the theory already given any small element of this spiral was assumed to be part — 


: a ae for values of a greater than about 1-25, i.e. for values of D greater than or2A. 
this were true, it is obvious that the resultant current J x Would be greatest when 


* See reference (1 
; I : . . . i 
1 SRS (1), p. 195, where the nomenclature is slightly different from. that used in the 
+ According to some recent measurements by 


resistance per cm, of 1/0044 copper wire for a wave- 
mately. Therefore for this wire K=0°6. 


Walmsley (. Instn_elect. Engrs, 69, 311) the 
length of about 15 metres is 0-0055 Q. approxi- 
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ts components J and i were exactly in phase, and equations (2a) and (3) would be 
fustified. Because 7 is a function of D (for a constant wave-length) these equations 


are only approximately true, and the exact value of the amplitude of Ip, the resultant 
current, is given by 


é oln=V[L2 + ig? + 2Igip C82 (a—6)) ees (5). oft 
On substituting in equation (5) the value of i, given in equation (4), we get 
ola=Iy V(t + K* (1/02 — 1/a*+ 1/0)? + 2K? (1/a?—1/a*+ 1/a®) cos 2 (a—@)]. 
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Figure 1. Graph showing the variation in amplitude of the first supplemental current. 
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Figure 2. Graph showing the variation in phase of the first supplemental current. 
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Figure 3a. Vector diagram showing the variation in amplitude and phase of the first supplemental 
current in transmission. 


r= (4-445), 6=—2(a—¢). 
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Figure 36. Part of figure 3a enlarged. 
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On equating d (,Iz)/d (a) to zero we get the conditions for maximum or minimum 
resultant current at the point P in the frame, namely 


—2(a—¢)= jean E Re: aaa eres Seal (Cs =a) are A ed ll 
| oh Gl (a Ls 1) Sia Sm ae Vi(a ~~ 1)? a 2)? +[a (a2 —7)? 2! ata 2NT7 
=tantAvsin+*Btonm 9 © tte (6). 


This may be compared with equation (2a) which is 
—2(a—¢)= +2n7. 
In order to solve these transcendental equations it is convenient to write them re- 


spectively in the form 
: er atnn=d—} (tan A+sin B) 


and at+nr=$¢. 


a (radians) —> 


Figure 4. Graphical solutions of equations (2) and (6). 


Then the solutions are obtained where the straight lines y=a+n7 intersect the 
curves y=¢—4} (tan? A+sin™ B) and y=¢ respectively. For values of K equal 
to 1 these graphs are shown in figure 4, and from the alternate points of inter- 
section the values of a for maximum current may be determined. The approximate 
equations (2) give a value of D/A (or a/27) equal to 0°713, the value previously 
given; whilst the first solution of equation (6) is D/A=0'694. An approximation to 


equation (6) better than equation (2) is 
hess oe Ke 
—2(a—) =(tan at sin =) 42M twee (7); 


1 qg-14sin-! a-) is shown by the dotted curve in figure 


The graph of y=¢—} (tan 
hardly distinguishable from those 


4, and the resulting critical values of D/A are 


Pr 
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_ The very small value of the arc sin term shows that the 
independent of the precise value of K as long as K 
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given by equation (6) . 
correcting factor is practically 


does not differ greatly from unity.* 
On substituting 0-694 for D/A in equation (6) we get the value of the correcting 


term } (tan-? A +sin~ B) which is found to be equal to 128°. Thus the decrease 
in I, due to this phase angle between the components I and tis more than com- 
pensated by the increased value of the amplitude of z (i.e. %); whilst, for phase angles 
greater than 12°8°, the further increase in 7 is insufficient to compensate for the 
reduction in J, arising from the larger phase-difference between its component 
currents. This critical value of i, (divided by the scalar constant K*J)) is shown in 


figure 3 by the vector OA. 


§3. THEORETICAL CONSIDERATIONS: RECEPTION 


With a receiving frame the initial disturbance at any point P is produced by an 
incident electromagnetic wave. The supplementary currents 7 at P and 7’ at P’ due, 
respectively, to reflection from the opposite limb of the frame or to radiation across 
the frame will be identical with those discussed above for the transmitting frame; 
but the initial current will be different from that produced by a local oscillator. 
The initial disturbance at P, with which 7 combines, is produced by that part of the 
incident wave which was a distance —2D from the point P when the reflected 
radiation first left P at time 2¢ seconds ago. Thus the current J due to this retarded 
potential will be given by 


~2D) | 
I, sin [wt +2n ( 2xt— x ) | 


and the phase-difference p, between J and 7 is now 


2 A ee 
Pr = 277 {|e a= d (p = = tan — *)| — (2 = 3 a" 
= —2 (2a—¢). 

The phase of the supplementary component 7 is the term within the square brackets — 
and is the same as in the case of the transmitting frame. Hence the resultant current 
I, at P has an amplitude oJp given by ’ 
olr=V [Tet tp? +21p% cos2(2a—d)P seas (8) — 

in which, from equation (4), 


‘The way in which p, changes with a is shown in the dotted graph of figure 2, and 


from this graph and figure 1 the spiral vector diagram of figure 5 has been drawn. 
On substituting in equation (8) for % as before, and equating the differential 


ae respect to a to zero, We get equation (9g), the odd solutions of which will give 
e values of D/A for maximum receiving frame current: 


* See footnote t on p, 380, 
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: 2 (2a—4) = tan E ~ 4a Seay + =a 


| 


K? [(a?—1)?+2] [(a?—1)?+ a] 
a /[{(a? — 1)? + 2}? + {2a (a?—1)? +. a}"] 
=tan-! A’+sin— B’ + 2nz. 


| Hp ZU aes sa (9) 


= Stile 


oh) 


270° 
r diagram showing the variation in amplitude and phase of the first supplemental 


Figure 5. Vecto 
current in reception. 
r=( 


I uy I 
4-244), §= —2 (2a—#). 
The equations previously deduced on the assumption that J;, is a maximum when I 
and i are in phase”? and when I and 7’ are out of phase“ were 

pp= —2 (24—G)= Bont ses 


and p, = —(2a—-$) = +(an'+1)m tates 


oe B' 
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By introducing an arbitrary phase angle % and also the effective frame-width 
W cos y and the effective frame-height H sin y for waves incident at an angle y to 
the frame, the formatizing conditions for rectangular receiving frames were given by 
tan [a (1+ cos y)—¥]=(a’—1)/a } ra 
* oe} Aas II 
and tan [a’ (1 +sin y)+¥]=(a?—-1)/a ’ 
where a and a’ refer to the width and height of the frame respectively. With 
and % equal to zero, the solutions of these equations for maximum currents are 


Shoe 


a ( radians)—> 


Figure 6. Graphical solutions of equations (10) and (9). 


dey 0°331 and 0°860 and H/A= 0-713. This result for the value of H/A is the sam 
as that for the transmitting frame because, when y=o, the incident wave does no’ 
directly affect the horizontal limbs of the frame. 


Equations (9) and (10) may be compared with the useful approximate equati 


>) 


é 1 . .K2 
—2 =e = -1 =- 
(2a—4) (tan sq sin . =) + 2n7 Jesse LA 


Tie ti ions of i 
pee - two ee a of equations (g) and (10) for maximum current are shown in 
g , 1n which the dotted curve represents the graph of the equation 


I 5. ee 
y=o-= (tan — Pent), 
2 2a 2a° 


i alue of K nithin rac i i 1 i 
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_ The straight lines are the graphs of y=(2a+n7m). The solutions previously 
btained from equation (10) or equation (11), namely D/A=0°331 and 0-860, may 
ow be compared with the new results from equation (g). ‘These are D/A=0°316 
nd 0-856 when n=1 and 3 respectively. 

On substituting these new values in equation (9), the correcting terms on the 
ight-hand side are found to be 18-0° and 8-4° respectively. Thus the critical values 
yf i which, together with J, will give a maximum resultant current are 


: iy Sin (wt — 342°) and 1% sin (wt —1071°6°) 


espectively. These supplementary currents are proportional to the vectors OB and 
A in figure 5. Alternate points of intersection must be taken because, when the 
omponent currents at P differ by 47, 87, 127, etc. and satisfy equation (10a) they 
iffer at P’ by 27, 47, 67, etc. which is not in agreement with equation (10d). ‘his 
oint was referred to in the discussion of equation (2a) in connection with the 
ransmitting frame. ; 


§4. CONCLUSION 


Experimental measurements of the critical or formatizing dimensions of trans- 
itting and receiving frames (for which the frame currents attain maximum values 
or given input voltage) yield values of D/A which agree closely with those calculated 
rom the theoretical formulae discussed above, but the errors of measurements are 
sually greater than the errors arising from the use of the approximate equations 
2) and (10) instead of equations (6) and (g) respectively. ‘The percentage error in 
the first value of D/A given by equations (2) or (3) 1s 2:8 per cent, whilst the errors 
of the first two solutions of equations (10) or (11) are 4°75 per cent and 0-47 per 
cent respectively. These errors are independent of the value of K for all practical 
frames. 

It would therefore appear that the best shapes of rectangular short-wave frames 
for transmission and reception (that is, the critical dimensions for formatized frames) 
may be calculated with sufficient accuracy for all practical purposes from the 
theoretical equations (2) and (10) based on the co-phasing of the initial and supple- 
mentary currents, whilst for more accurate calculations equations (7) and (12) are 


useful. 
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ABSTRACT. Froma theory of the action of short-wave frame aerials outlined in previous 
communications it was concluded that the current at any point in a rectangular fra 
aerial should vary with time as the frame revolved in its own plane. If the current- 
measuring instrument moves round with the frame, complications arise because the 
instrument records not only the current-variations due to changes in what was called the 
degree of formatization of the frame, but also those due to the fact that the instrument 
passes in succession through the current nodes and antinodes which have been shown to be 
fixed in space and not to revolve with the frame. Hence current-measurements have been 
made, firstly with the frame fixed and the instrument moving round the frame, anc 
secondly with the instrument fixed in space as the frame revolved. The apparatus and 
methods employed are briefly described. The current-variations observed in the two sets 
of experiments conform approximately to those predicted from the theory. The results 
lead in general to the conclusion that when a square frame aerial is used with short waves 
and revolves in its own plane then, in addition to spatial current-variations round the 
perimeter of the frame due to the formation of fixed current nodes and antinodes, there 
may also be temporal current variations at any fixed point due to the fact that the frame 
may become alternately formatized and deformatized as it revolves. 


§1. INTRODUCTION 


CCORDING to the familiar view that the e.m.f. in a receiving frame aerial is 
proportional to the rate of change of the magnetic flux interlinked with i 
the current should vary as the frame rotates about an axis in its plane, bu 

there should be no current variations as a receiving frame revolves about an axis 
perpendicular to its plane, that is, as the frame revolves in its own plane. 

It has, however, been shown“? that current variations are to be expected in the 
latter case if the frame be rectangular and if its dimensions be comparable with the 
length of the wave. This arises because other factors are involved which modify the 
simple theory indicated above. In particular, at any point in the frame the e.m.f. | 
not only is produced by the changing magnetic flux of the incident wave, but also is 
influenced firstly by radiation from adjacent parts of the frame and secondly by the 
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ulation of current round the frame perimeter. It was shown that the first of 
e supplemental effects (the radiation effect) and consequently the magnitude of 
resulting frame current depends on the ratio of the frame-dimensions to the 
e-length and on the angle of incidence of the wave upon the frame sides, the 
ction of propagation being in the plane of the frame—that is, on the shape and 
ntation of the frame; whilst the second supplemental, or current-distribution, 
t depends only on the ratio of the frame-perimeter to the wave-length and is 
spendent of the shape and orientation of the frame. , 
previous communication™ dealt with this latter or current-distribution effect 
n not complicated by the former or radiation effect. ‘The isolation of the two 
cts was accomplished by utilizing frames so shaped that they were deformatized* 
all angles of incidence with the particular wave-lengths in use. Furthermore it 
shown that the positions of the current nodes and antinodes were determined 
© currents circulating round the frame in opposite directions and that the 
Iting nodes and antinodes were fixed in space with reference to the position of 
transmitter. 
The present paper deals with the radiation effect isolated from the current- 
ribution effect. It was thought that a study of the radiation effect by itself should 
rm the existence of those current-variations which have been anticipated 
result of revolving a short-wave rectangular frame aerial in its own plane. 


§2. THEORETICAL CONSIDERATIONS 


When a rectangular frame is formatized it is so shaped that the current at any 
nt in the frame becomes abnormally large compared with what it would be for 
ame of the same area but of arbitrary shape. The necessary conditions have 
n termed, for convenience, the “first formatizing conditions” +. From them it 
ows that a square frame, if formatized when the wave-front is parallel to one side 
‘en it is said to be in the “square position’’), will become deformatized when the 
re revolves through 45° into the “‘diamond position”’, the current at any point 
oming less; and the reverse will occur if the frame be formatized for reception 
the diamond position. 

First, we may consider what current-variations are to be expected if the 
asuring instrument moves round a fixed frame. The instrument will pass in 
cession through the current nodes and antinodes spaced round the perimeter 
so will record the current-distribution already discussed elsewhere. If, 
ever, the instrument be fixed in the frame and both revolve together, then the 
erved current-variations will differ from those recorded with a fixed frame. ‘This 
ses because the instrument not only will pass in succession through the spacially 
d current nodes and antinodes as before, but also will record current-variations 


* That is, the ratios of the frame-dimensions to the wave-length were such that, at any given 
nt of the frame, the supplemental e.m.f. due to radiation from other parts of the frame did not 
ent or reinforce the initial e.m.f. due to a local oscillator or an incident wave. See reference (2), 


198, 199. 
+ See equations (1) below. 


frame revolves in its own plane, the current being measured by an instrument w 
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due to the fact that the frame may become alternately formatized and deforma id 
as it revolves. For certain wave-lengths, current maxima due to this oa 
+ the frame is in the square position, whilst for other wave-leng 
hen it is in the diamond position. Thus the current measu 
nation of the two different effects discus 


occur wheneve 
maxima will occur w 
at any point will depend on the combi 


above. 
The isolation of the radiation effect may be accomplished by measurin: 


current at any fixed point in space irrespective of the position of the point on 
frame. The current at this point will vary with time as the revolving frame becon 
alternately formatized and deformatized, but it will not vary as a result of the nq 
uniform current-distribution round the frame. This follows from the fact that 
distribution is fixed in space and is dependent only on the position of the transmit 
Consequently, if it can be so arranged that the current is always measured a 
same point in space with respect to the transmitter, then any current-varial 
which may be recorded will be due to the fulfilment or non-fulfilment of the f 
formatizing conditions as the frame revolves. 

Thus, this method of using a current-measuring instrument fixed in spe 
enables the temporal current changes due to the first formatizing conditions 
studied without any disturbing effect arising from the non-uniform spacial 
tribution of the current round the frame. 

It has already been shown* that the formatizing conditions arising fro 
mutual radiation between parallel limbs of a rectangular frame are given appro 
matelyt by the odd solutions of the equations: 

tan [a (1+cos y)—yY]=(a?—1)/a | 

tan [a’ (1+sin y)+¢]=(a2—1)/a’} 
where a=27W/A, a’ =27H/X, W/X and H/) are the ratios of the frame-width 2 
the frame-height respectively to the wave-length, y the angle of incidence of 
wave-front on the frame and ys an arbitrary phase angle. 

The alternative solutions of these equations give the critical frame-dimen 
for maximum and minimum current. The values of a and a’ were found for vario 
values of % by a graphical method and curves were given showing the relati 
between W/A and H/A for different angles of incidence y of the wave on the fran 
The first few curves for both maximum and minimum current conditions | 
y=o° and 45° are given in figures 1 (a) and 1 (b) respectively. The critical way 
lengths for a square frame, with which this paper is concerned, can be obtain 
from these curves by drawing a line through the origin at 45° to the axes and notit 
the values of W/A (or H /A) for the points where the straight line cuts the curves. — 
this way the wave-lengths for both maximum and minimum current conditions ¢ 
be deduced for a square frame in the square position (y=o°) or in the diamo 
position (y=45°). 

€ may now consider what current-variations are to be expected when a squé 


* 
Reference (1), p. 197. t See preceding paper, p. 377 of this volume. 
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s always inserted in the frame at that point which is (say) nearest to the transmitter. 
“or a wave-length for which the frame is always deformatized when at any angle 
o the wave-front, the current measured should show no temporal variation as the 
rame revolves. This conclusion has already been tested and the graph relating 
rame current to frame-angle was a straight line parallel to the frame-angle axis.* 

Suppose now that the wave-length is changed so that the frame is formatized 
n the square position, that is, the ratio of the frame-sides to the wave-length is 
iven by the coordinates of one of the points A, e.g. A, in figure 1 (a). Then when 
he frame is oriented so that one side is parallel to the wave-front, the current 
easured by an instrument inserted in the middle of the side nearest the trans- 
itter will be a maximum because the frame will be formatized. As the frame re- 
volves in either direction it becomes more and more deformatized, and the current 
still measured by putting the ammeter at the fixed point nearest the transmitter) 
ill decrease until the diamond position is reached when the current will be a 
inimum. Thus a graph relating frame current with frame-angle should no longer 
be a straight line parallel to the frame-angle axis but should show a current peak 
whenever the frame is in the square position, and this will occur four times in each 
revolution. 


0) 0-4 0°8 I-2 
W/a W/a 


0 0-4 0°8 1-2 


fl Figure 1. Graphical determination of theoretical formatizing dimensions 
for square receiving and transmitting frames. 


By a precisely similar argument, when the wave-length is such that the frame is 
formatized in the diamond position, given by the coordinates of one of the points 
B, e.g. B, in figure 1 (6), then the graph relating frame current to frame-angle 


* See reference (2), figure 10, and also the last diagram in figure 4 of this paper. 


Is, Ip 


392 L. S. Palmer and Roy Witty 


should show current-maxima whenever the frame is in the diamond position an 
-mini henever it is in the square position. . 
oe eeenied the case in which the wave-length is such that the frame is defor- 
matized in the square position; this is given by the coordinates of one of the points 
A’, e.g. Ay’ in figure 1 (a). Then since the frame is not completely deformatized in 
the diamond position, which would occur at B, in figure I (db), a graph relatin 
frame current to frame-angle should show a minimum in the square position and 
a maximum in the diamond position. Similarly, a current-maximum should be 
obtained when the frame is in the square position if the wave-length be such that 
the frame is deformatized in the diamond position. It is to be expected that these 
current variations will be repeated when the wave-length is progressively decreased 
so that the conditions indicated by the coordinates of the points B,, A,, B,’ and A, 
are successively fulfilled; and so on for the points B,,, A, B,’ and A,’ in general 
These theoretical deductions can best be shown on one graph by plotting agains 
\/W the logarithm of the ratio of the current Js in the square position to that Ip i 
the diamond position. Positive peaks should then occur when the frame is forma 
tized in the square position or deformatized in the diamond position, and negativ: 
peaks when it is formatized in the diamond position or deformatized in the squar 
position. 


§3. EXPERIMENTAL INVESTIGATION 


Apparatus. The circuit of the short-wave transmitter used in these experimen 
was the ordinary series-fed Hartley circuit. To this was coupled a Hertzian dipol 
aerial of adjustable length, and in order to make the radiation as large and as uni 
form as possible the oscillator and coupling coil were screened with an iron box 
An Osram D.E.T. 1.5.W. valve was employed. The wave-length range of th 
transmitter was from 5 to 12 metres. 

Figure 1 (a) shows that, for a square frame to be formatized in the squar 
position, the values of W/A (or H/A) must be either 0-47 or o-$2 (for points A, an 
A, respectively), whilst for the frame to be deformatized in the square position 
W/A must be either 0-65 or r-o1 (for points A,’ and Ay’ respectively). Similarly 
figure 1 (b) shows that for the square frame to be formatized in the diamond position 
W/A must be either 0-39 or 0-72 (for points B, and By respectively), and for it to be 
deformatized in the diamond position W/A must be either o- 57 or 0°87 (for points 
B,’ and B,’ respectively). 

As the wave-length range of the transmitter was limited, square receiving frames 
having sides of about 3 and 5 metres were used. With the smaller frame the mini- 
mum value of W/A could be 3/12 or 0-25 whilst, with the larger frame, the maximum 
value of W/A could be 5/5 or 10. In this way all the critical values deduced above 
from figure 1 could be studied. 

One method of keeping the current measuring-instrument fixed in space as the 
frame revolved was as follows. The aerial wire of the frame was passed round in- 
sulated pulleys on the four corners of a suitable wooden framework which could 


rotate on a horizontal axis secured at a little distance from the top of a 40-foot | 
, 


| 
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scaffold pole. The current was measured by a vacuum thermojunction. Where the 
thermojunction was inserted in the frame, the aerial wire was shunted by a con- 
denser of 0:0005-yF. capacity which tuned that portion of the frame to the wave- 
length in use. The current in the shunted portion of the aerial wire varied in the 
same way as that in the adjacent parts of the frame but was of greater magnitude and 


“consequently easier to measure. The thermojunction was connected by a short 


length of flex to a microammeter which rested on a small platform hanging from a 
pivot clamped to the framework. The condenser, thermojunction and micro- 
ammeter could be moved along one side of the frame and could be clamped in any 
required position. 

The height of the frame above the ground was such that any change in its 
capacity to earth due to its revolving was negligibly small. The transmitter with a 
horizontal radiating dipole was placed vertically below the frame, so that if waves 
reflected from the ground affected the frame they were incident at the same angle 
as the waves arriving directly from the transmitter. The microammeter was read 
from the ground by means of a telescope and mirror because an observer near the 
frame would distort the field. 

A second method of obtaining the desired current-measurements was to dupli- 
cate the thermojunction, microammeter and condenser. One thermojunction 
connected to a microammeter and a condenser was fixed in the middle of one of the 
frame sides, and another identical thermojunction, also connected to a micro- 
ammeter and a condenser, was fixed at one corner of the frame. The whole frame 
with its two fixed instruments could revolve from the square to the diamond position 
and that instrument was read which was occupying the particular point in space at 
which the current was to be measured. In this way the ratio of the current when the 
frame was in the square position to the current when the frame was in the diamond 
position could be determined for a series of different wave-lengths. 

Some of the observations were made with the frames in the horizontal plane 
about five feet above the ground and rotating about a vertical axis. 

Current-measurements. It is convenient to consider the current-measurements 
under two sub-headings: (i) current-variations with a fixed frame, the instrument 


_ moving round the frame perimeter; and (1) current-variations with a revolving 


frame, the instrument fixed in space relative to the transmitter. 


(i) Frame fixed: instrument moving round frame. Experiments with the 
instrument moving round a fixed frame were carried out to test the form of the 
current-distribution round the frame when the latter was formatized and deforma- 
tized in both the square and the diamond positions. As an example the results with 
a frame 3°06 metres square are shown in figures 2 and 3 for wave-lengths of 6°52 
and 7:89 metres respectively. For these wave-lengths W/A is 0-47 and 0°39 re- 
spectively and hence the frame is formatized in the square positions and deforma- 
tized in the diamond positions for the case shown in figure 2, whilst it is deforma- 
tized in the square positions and formatized in the diamond positions for the case 
shown in figure 3. These results are discussed in § 4 below. 
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(ii) Frame revolving: instrument fixed in space. In the series of experiments 
with one measuring-instrument in the frame the procedure was as follows. The 
frame was turned to the diamond position and the instrument was placed at the 
corner of the frame nearest the transmitter. After the observation had been made 
through the telescope, the instrument was moved a short distance along the frame 
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Figure 2. Current-distribution round a fixed frame with side measuring 3:06 m. 
Wave-length, 6°52 m. 
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Figure 3. Current-distribution round a fixed frame with side measuring 3°06 m. 


Wave-length, 7°89 m. 


which was then revolved until the instrument came back to the same position in 
relation to the transmitter. The aerial wire moved round the insulated pulleys at 


the corners of the framework as the thermojunction etc., to which the ends of the 


aerial wire were attached, moved along the side of the frame. 


In this way the frame was turned from one diamond position through a square 
position to the next diamond position, This procedure was adopted in the case of 
the 3-metre frame for wave-lengths varying from 5 to 12 metres, and for the 


a! 
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5-metre frame for wave-lengths varying from 5 to 10 metres. Some of the results 
are shown in the series of separate diagrams arranged in figures 4 and 5. 

In the case of the frame with two fixed thermojunctions, the current measure- 

ments could only be taken when the frame was in the square or the diamond posi- 

_ tion. This was necessarily so because only when the frame was turned into one of 

those two positions was a thermojunction brought into that particular point in 

space at which the current was being measured. In the case of these experiments 
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Figure 4. Current-measurements at P with frame revolving and instrument fixed. 
Frame 3:06 metres square. 


that particular point in space was the point of the frame nearest to the transmitter 
(points P on the inset diagrams of figures 2 and 3). The results of these experiments 
are plotted as circles in figure 6, in which the gain in the current I; when the frame 
was in the square position over that [p when the frame was in the diamond position 
is expressed in decibels. ‘The reference letters on this figure correspond with those 
in figures 1 (a) and (6). 

All these results will now be considered in the light of the theoretical con- 
clusions of § 2 above. 
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Figure 6. Variation of current-ratio with wave 


vave-length as a square frame revolves 
from the square to the diamond position. 
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§4. DISCUSSION OF RESULTS 


From figures 2 and 3, which show the current-distribution round a fixed frame, 
the first conclusion that is evident is the one previously obtained; namely, the 
fixity of the current nodes and antinodes in space and their complete independence 


“of the orientation of the frame with respect to the wave-front and to the position 


of the thermojunction and condenser. 
The second conclusion arises from a comparative study of the temporal variation 
of the current at the fixed point P. This is the main objective of this paper. In 


‘figure 2 the current at this point has decreased as the frame turned from the square 


to the diamond position and so became deformatized, W/A being 0-47 and not 0°39. 
‘The reverse has taken place with the current at P in figure 3. Here the current 
increased as the frame revolved to the diamond position, but W/A now equals 0-39 
for which ratio the frame is formatized in the diamond position. 
_ Although these conclusions also apply to the other current antinodes in figure 2, 
they are not applicable to the antinodes at Q and Q" in figure 3. This is referred to 
again below in connection with figure 6. 

Let us now turn to figures 4 and 5, which depict the current-variations at the 
fixed point P as the frame revolves. In figure 4 it is seen that there is a gradual 
transition throughout the range of wave-lengths used. Starting at 6-12 metres the 
variation due to formatizing is clearly indicated by the current peak when the frame 
is in the square position, and this becomes more pronounced when the wave- 
length is increased to 6:52 metres and the difference between the currents in the 
‘square and diamond positions is greatest. That is, the frame is formatized in the 
square position for a wave-length of 6:52 metres; this corresponds to point A,, 
figure 1. Between 6°52 metres and 7-9 metres a transition occurs, and at about 7°9 
metres the frame is formatized in the diamond position; this corresponds to point 
B, in figure 1. For wave-lengths longer than 7-9 the difference between the currents 
when the frame is in the square and diamond positions becomes less until at about 
‘12 metres the current is sensibly constant, showing that there is no formatizing 
‘effect.* In order to illustrate in one diagram these progressive changes arising 
from points A, and B, in figure 1, and also the changes recorded in figure 5 which 
arise from points A,’ and B,’ in figure 1, together with other similar results not here 
figured, the ratio of the current I, when the frame was in the square position to the 
current J, when it was in the diamond position has been expressed in decibels, and 
the resultant values are marked as crosses in figure 6. With reference now to figure 6, 
it has been shown on page 392 that peaks should occur when the frame was either 
formatized in the square position (points A) or deformatized in the diamond 
position (points B’) and troughs should occur when the frame was either formatized 
in the diamond position (points B) or deformatized in the square position (points 
A’). In the table on p. 398 the theoretical positions of these peaks (+) and troughs 
(—) are taken from figures 1 (a) and 1 (b) and are compared with the experimental 


values from figure 6. 
* Cf. figure ro on page 84 of reference (2). 


398 L. S. Palmer and Roy Witty 


A portion of the graph is shown dotted because, in order to sees a 
experimental values to fix the exact position of the curve, the change in A, ad to 
be of the order of one per cent and this could not be controlled to the required 
degree’ of accuracy with the apparatus available. Nevertheless a slight change in 
wave-length showed at once whether any two adjacent points were on a portion o 
the curve with a positive or with a negative slope. Thus it is certain that where the 
value of \/W is in the neighbourhood of 1-3 there are two troughs and not one, and 
where it is about 1:15 there are similarly two peaks. 


Critical values of 4/W 


Reference letter B, A, | Be pe Be Ay By at 


Theoretical values | —2°56 42:12 | +175 | —1°54 —1°39 | +1-22 | +115 | —0°99 J 


from figure I | 


Experimental values | — 2°58 | +2°13 | +1:69 | —1°38 —1-25 +137 +2 a4 oe 
from figure 6 (?) (?) (?) 


Hence it is thought that, in spite of the difficulties of these short-wave experi- 
ments, the agreement between the number and order of the peaks and troughs as 
determined by experiment and as deduced from figure 1 tends to support the theory 
of formatization upon which the graphs of figure 1 are based. This agreement is 
perhaps all the more interesting when it is realized that with the shorter wave- 
lengths there may be at least two current antinodes along any one limb of the frame, 
the current at any instant being in opposite phases at adjacent antinodes. 

In conclusion it may be asked whether the current-increase which occurs when 
the frame becomes formatized is due to a decrease in the apparent impedance of 
the whole frame, or to a redistribution of a constant total current between the 
several current-antinodes. Figure 2 suggests that the whole frame has a reduced 
impedance when it is formatized, whilst figure 3 seems to support the second 
suggestion, since the current at Q and Q’ seems to have decreased when the frame 
became formatized. Other experiments now in progress indicate that probably 
both these factors are involved. 

Of the practical consequences of the foregoing work, two are immediately 
evident. (1) It depends on the wave-length whether it is best to orient a given square 
frame aerial in the square or in the diamond position, and (ii) a current-actuated 
or voltage-actuated instrument will function best when placed at certain specific 
points round the frame. 

We may now summarize the results of this investigation by the following 
statement, When a short-wave square frame aerial revolves in its own plane, then in 
addition to spatial current variations round the perimeter due to the formation of 
fixed current nodes and antinodes, there may also be temporal current variations at any 


fixed point due to the fact that the frame may become alternately formatized and 
deformatized as it revolves. 


Current in a square frame aerial revolving in its own plane 3.99 
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ABSTRACT. Methods are suggested for reducing the labour involved in colorimetric 
transformations, with particular application to routine industrial measurements. The 
calibration of an instrument by measurement of illuminant B is replaced by measurement 
of a suitable stable filter and the illuminant in usual use. A nomographic method of 
conversion from instrument readings to the c.1.E. basis is suggested, and a graphical 
method is given for conversion to terms of hue and saturation. Scales are given for a 
graphical method of converting from the spectrophotometric curve of a coloured specimen 
to the trichromatic coefficients with a series of illuminants on the c.1.£. basis. The errors 
of these methods are estimated for comparison with the errors of observation on a Hilger- 
Guild trichromatic colorimeter. 


§1. INTRODUCTION 


HE majority of those who have investigated the use of a system of trichro- 
matic colorimetry have developed some arithmetical or graphical method of 
simplifying the mathematics of the transformation with which they have been 
concerned. This has become increasingly necessary within the last fifteen years, 
owing to the continued use of different systems of primaries and to the need of 
coordination of the trichromatic system with the monochromatic-plus-white 
system. The basic principles of several transformations were given in two papers 
by Ives and were followed by arithmetical applications by Froelich in America 
and by Guild in this country. Geometric methods and a variety of arithmetical 
methods have been derived since. The majority of these methods are arithmetically 
accurate; it is the purpose of this paper to put forward both graphical and obser- 
vational methods of a sufficiently high order of accuracy for industrial or routine 
measurements, and for guidance in cases where the extreme accuracy required in 
the standardization of instruments or the designation of standard colours is not 
required. An accuracy of 1 per cent is all that can usually be expected in industrial 


colorimetry, and a mathematical tolerance of jij Of this amount allows of compro- 


mises which effect a considerable acceleration of the calculations involved in some 
of these transformations. 


§2. OBSERVATIONAL ERROR 

The most recent measurements“ ») 
and of the saturation limen throughou 
hue of less than 2-omp., and that diffe 


of the hue limen of fully saturated colours 
t the spectrum indicate that differences of 
rences of saturation of less than 5 per cent, 


Rapid mathematical methods for trichromatic colorimetry 401 


annot be discerned in a single observation, except in certain limited areas of the 
slour triangle. For routine measurements, sufficient accuracy is assured if the 
ross probable error of the observational method is definitely less than the liminal 
ylerance at that point. 
_ The errors of the method comprise the instrumental inaccuracies, the errors of 
ding the scales, and the errors of the transformation from scale readings to 
bsolute values. The first of these may be sub-divided into mechanical inaccuracies 
hich will be negligible in all well-designed instruments, and the inaccuracies 
troduced by irregular variation of the source of light and of the components of 
e optical system. These latter errors are extremely difficult to estimate but pre- 
utions may be taken to reduce their effect. The errors of reading depend on the 
curacy and clarity of the scales, which again can usually be made fairly satis- 
ctory. The errors of the transformations are the subject of this discussion. 
Besides the errors inherent in the method there are the errors in the setting of 
e colorimeter, and an attempt has been made to estimate the error which obtains 
the use of the Hilger-Guild trichromatic colorimeter. Statistical treatment has 
en applied to thirty-four routine measurements of illuminant B by two normal 
servers, the measurements being spread over several weeks and carried out with 
ifferent solutions and different arrangements of the auxiliary apparatus. Each 
easurement was the mean of two settings taken with both the colorimeter lamp 
d the standard lamp maintained at steady potentials, and the readings of the 
ree sectors on the instrument were reduced to unit sum for the purpose of com- 
rison. The coefficients of variation for each observer were as shown in table 1. 


Table 1. Observers’ coefficients of variation (per cent) 


Observer Red sector Green sector | Blue sector Mean | 
| 

A. H. A. I'I5 1°76 0°90 1:27 | 

ok Gre leis TEO 1°25 0°66 0°99 

Mean I'I2 I'50 0°78 I'13 | 


The procedure which the author has adopted is that two settings are made on 
ch specimen and the mean, obtained by mental arithmetic, is written down. ‘This 
‘taken as sufficiently reliable for most commercial purposes, but if greater 
curacy is required the whole series of observations is repeated by the same 
ethod until the reliability of the results is ensured. 


§3. ROUTINE CALIBRATION OF INSTRUMENT AND OBSERVER 


The method to be employed for the calibration of the Hilger-Guild instrument 
that in which a match is made on illuminant B and subsequent readings on any 
lour are divided by the sector readings of this match, so that the unit equation 
illuminant B is 1/3R+1/3G+1/3B. If the colorimeter is regularly used with an 
uminant operated at 2360° K., as for signal glassware, or with illuminant A, as 


za=_ : 


4 
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eliminate the preliminary setting on illu 
ing a setting on the illuminant in use an 
formation of subsequent readings. Tw 
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for lighting fittings, it is convenient to 
minant B, and this may be done by mak 
applying a correction during the trans 


methods are available for this. 
It is frequently of value to know the unit equations of the standard illuminant: 


in terms of the instrumental system. The original calibration of the instrume 
by spectrophotometric measurement of the filters gives the colour equations, 1 
terms of the c.L.&. basis, of the unitary stimuli corrected for intensity, so tha 
illuminant B is matched by numerically equal proportions of each, and these 
equations may be applied to transform the accepted c.1.£. colour equations of the 
‘lluminants to the instrumental basis. For the particular colorimeter which 
author is considering the equations are as shown in table 2. 


Table 2. Calibration equations for Hilger-Guild colorimeter No. H93 304/27206 


oc ee | R=0-744X +0:288Y +0-000Z 
cali G=o151X +0°721Y +0°075Z | 
B=o:150X +0°046Y +0°825Z / 
Iiluminant A / O4=0°4476X +0°4074 Y+0°1450Z 
=o501R +0356G +0143B 
Iluminant B Ozp=0°3484X +0°3516 Y+0-3000Z 
=0°333R +0333G +0333B 
Illuminant C | Oc =0°3100X +.0°3162 ¥Y+0°3738Z 
=o0:269R +0°305G +0-426B 
engi Op=0°3333X +0°3333 ¥+0°3333Z 
=o'309R +0°315G +0°376B 
2360° K. | Ooseo? = 0°4894X +0'4150¥+0:0956Z | 
P =0'575R +0340G +0-085B ) 
1900° K. | QOr900° = 0°5372X+04114Y+O0514Z | 
=0'657R +0:309G +0°034B 


ae é ie ey on = of these illuminants and the sector readings al 
anne ee ~ yield the appropriate unit equation on the instrumenta 
Ses eee ae me an applied to subsequent sector readings to reduce 
ae He = the instrumental system. This method of eliminating 
RS ciate e - accuracy in the blue when used with a source at 2360° K 
el ined ar a tainable by using a glass or stable gelatine filter which 
HE oSaperameare NG . 7 usual illuminant, gives a colour similar to that of il 
ne eae : ie a combination of a liquid filter and illuminant A. Th 
be at nies x accurate as illuminant B itself would give, and has the advan 
Ses ae Meal be calibrated without the use of fresh solutions in 
Be de ie out any doubts as to the freshness of the solutions. Iti 
accurately and to calc be ee curve" OF the 2 ee 
ASE Rae ae) ulate the equation of the colour which it gives with th 
diac: it is most used. When a match is made on this combinatic 

necessary to reduce the sector readings to the unit equation of 
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lour can be used for a conversion of subsequent sector-readings. For example, 
particular glass of the ordinary half-watt-to-daylight type, when used with 
uminant A, gives an equation as follows: 


Qy=0-270R+0°378G + 0°352B. 
his glass has been used consistently without any apparent error in the author’s 


olorimeter. It is possible to select other blue glasses which would give a closer 
pproximation to illuminant B with either 2360° K. or illuminant A. 


§4. CONVERSION FROM THE INSTRUMENTAL 
SY¥s TEM LO C.LEO SYS CEM 


The coefficients of the colour equation of any particular specimen on the 
trumental system may be converted to the C.1.E. system by replacing the instru- 
mental stimuli, as they appear in the equation, by their own equations on the 
LE. system, which will have been obtained in the original calibration of the 
trument. 
The arithmetical transformation is easy, but a nomographical method is avail- 
le which converts the unit equation on the instrumental system to an equation 
yn the C.1.£. system, the sum of whose coefficients is sufficiently close to unity to 
ble the unit equation to be written down by the aid of a slide rule. A nomogram 
de on the principles outlined below, on a card measuring 20 in. by 30 in., gives 
res reliable to o-oo1 in the unit equation. 
Suppose the colour to be represented by 
C=r.R+g.G+b.B, 
where r, g, 5 are known, and 
r+g+b=1. 

_ The original calibration of the colorimeter would yield equations of the form 

R=p,.X+pe- Y+p;.Z, 
jj Ga=y.X+y2-¥+ys-Z, 
B=B,.X+ az. Y+8,.Z. 


The required equation is then 


C=x.X+y.Y+2.Z, 


where 
x=7.(p—n)+nt5.(Ai-%) 


y=r.(p2—Y2) +¥2+5-(B2—Y2)» 
z=17.(p3—Ys) +73+5-(Bs—Ys)- 


In a nomogram of the form shown in figure 1 the R, G and B scales will be at 
e being reversed and with half the unit of the R and B 
s D, and 


equal separation, the G scal : 
scales, so that r+ g+5=1. If the total separation of the R and B scales 1 


Op 
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£ these scales is d, the positions and units of the X, Y and Z scales can} 


the unit o 
be shown to be as follows: 


Position of X scale LP vdeo from R scale. 


pit Pi-2”1 
Position of zero on X scale —7. 
Unit distance on X scale d/(p, +; —271)- 


(Ba—2)-D from R scale. 
p2+ Ba— 22 

Position of zero on Y scale —yp. 

Unit distance on Y scale d/(p.+ f2—2y2). 


Position of Y scale 


Position of Z scale ... (Bs—ys)-D from R scale. 
p3+ B3— 23 


Position of zero on Z scale —y3. 
Unit distance on Z scale d/(p3+/3—2ys). 


X} Red Green ¥ Blue Z 


10 0 
-055 
0+5 0 
0-5 0 0-5 
0-5 
0-5 
0-151 0 
a 1-0 
0-721 0 
0 is) 1-0 
=()*5 
Figure 1. (ea 


Nom meray : 
ogram for conversion from instrument basis to C.F. basis (H 93304/27206) 
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The nomogram shown is for the Hilger-Guild colorimeter, whose calibration 
lations are given in table 2. 

As an instance of the use of this nomogram, consider the conversion of the 
our equation of a half-watt-to-daylight glass, with illuminant A, from the 
trumental basis to the C.1.£. basis. The unit equation on the former basis is 

; QOp=0°270R+0:378G + 0:352B. 

If a straight line, such as a stretched steel wire, be placed across the diagram 
ough the points 0:270R and 0-3528B, it will also be found to pass through the 
int 0:378G, and so this line now represents the equation of the colour. ‘This 
e will be found to intersect the X, Y and Z scales at the points 0-311X, 0-366 Y 
Ls 0:318Z. The sum of these coefficients is 0-995 and the unit equation may be 
itten down at once: 


Op =0°312X +0°368 Y + 0°3202. 
These coefficients are the same as those found by the arithmetical transformation. 
€ same process may be applied if some of the coefficients of R, G and B in the 
it equation are negative or greater than unity. The sum of the values of X, Y 
Z given by the intersections will always be close to unity, so the evaluation of 
unit equation on the c.1.£. basis is a matter of mental arithmetic or a simple 
e-rule conversion. 


§5. COLORIMETRIC SATURATION 


The specification of a colour in terms of the coefficients of the three unitary 
uli X, Y and Z is a complete description which is internationally comparable, 
t it is not generally possible to visualize the colour immediately from those 
res, and although the specification is undoubtedly the best for all records or 
ct statements, there is a use for the conception of hue and saturation as a means 
describing a colour. This latter method is liable to much abuse, for it can only 
exact when care is taken to specify the white light which is taken as the reference 
int of the hue and saturation, and different sets of figures are not comparable 
less the same white diluent is used for each. 

‘The method is based on the experimental fact that any colour may be matched 
‘the combination of two stimuli in suitable proportion, provided that the three 
ints given by plotting their trichromatic coefficients on a linear scale are collinear. 
general, the two stimuli chosen are the equi-energy white, which is termed the 
uent, and a spectral colour, which is termed the hue wave-length. The colori- 
tric saturation is then the percentage of the spectral component when both 
muli are measured in units of the same luminosity. 

The transformation from the trichromatic system to the homogeneous-plus- 
terogeneous system may be performed in various ways. ‘Iwo exact methods have 
en proposed, one by Smith and Guild and one by Judd, both of which are 
sisted if a plot of the spectrum locus is used. In practice the system is not used 
der conditions where exact specification is necessary, and an approximate trans- 
rmation can be read off a graph if loci of equal saturation are plotted inside the 
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spectrum locus. It is obvious that these loci will only apply to one particular whit 
diluent, but as it is not the general practice to use anything but equi-energy whit} 
for this purpose, the ‘s0-saturation loci with reference to equi-energy white may 


calculated with advantage. Wet. ; 
Taking the general case, let us define the following stimuli on some trichromati 
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system: rear. 
Coefficients of heterogeneous stimulus (white diluent) R, (AB. 


Coefficients of homogeneous stimulus (hue wave- 


length or spectral component) met ae i eee 
Coefficients of combined colour of above, in specified 

proportions eae si = oe P r, g, b. 
Luminosities of above stimuli, respectively ee | Pee EY Re 
Luminosities of unitary stimuli of system “iis Lois 
Saturation of combined colour... ch Sea o. 


One luminous unit of the combined colour is proportional to the reciprocal q 
its luminosity: 


L, 7r.L,+g.L,+6.L, packs ~. (1 


Also, by definition of “‘saturation”’, 


I oC ki 


ii = Li a 3 1 esceee (2 : 
Because the three points are collinear: 
1—K™ 2a ee 5 
r’—R g'-G B-B ” 
or r=R+6 (r'—R), etc. 
After insertion of these in equation (1), 
eis I 
Ee Ly+8 (L,—L,,) teeeee (3) 


Then, from equations (2) and (3), 


Let the linear distance from the diluent to the hue wave-length on a chi 


age as figure 2 be dy, and let the distance from the diluent to the combined colou 
Cx On 


Then 


= I r DL, +p. L464 
=I+(-— -Ly 
( ) R.L,+G.L,+B.L, 4 ae (4). 
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The final equation gives the ratio of the distances on the colour chart between 
ints corresponding to the diluent, the spectral component and the combined 


MLO 

NS: 

Azz: 
), BS 


: Sb. 
rie oO, 7 0-6 
ve a o a aac SN& “0 
ee ee ee See 0-700 
ri 780%. 7X oe Co, 
Nas -100% Se oe? a = - 0+ 490 
ae ae Ponte 
<= 150% 7 — 
See x -200% 0-500 
[ag HE Sicie 
0520 0°50 
0-400 (2 033 0-4 0°5 0-6 07 X 


Figure 2. Iso-saturation loci on C.1.E. basis. 


lour, in terms of the known constants of the system. Reducing this to the C.1.E. 


stem, we have 
dg _ it ot (: = 1) 
a +3y 


r iv 
hich is the same as the equation obtained in Smith and Guild’s method. 
The use of the distances of the points on the chart from the diluent permits of 
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a rapid calculation of the iso-saturation loci, and the curves peels mi 
obtained by this method. From these curves, tables may be compiled for p 
record, but the results are best used in their diagrammatic form. a 

If frequent use is to be made of a chart of this type in a with 
particular colorimeter, the figures can be calculated on the a pe 
by means of the relation given as equation (4) with equi-energy white as ilu 
and the results are then directly converted from the unit equation on the instr 
mental basis to terms of the hue and saturation with reference to equi-energy W 
without the intermediate step of the c.1.z. system. The more exact algebraic tra 
formations derived by Smith and Guild and by Judd may equally well be app 
to the instrumental basis if necessary, by an extension of the same reasoning. 

It should be noted that if a chart of the type shown in figure 2 is employed fog 
transformation from one system to the other it should be drawn on a card approx 
mately 24 inches square or larger in order to ensure an accuracy of one figure if 
the third decimal place. If this is not practicable or convenient, sections of t 
chart, which need not necessarily include the centre, can be used with eq 
facility. 
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| iam ll «+ it ei ~~ il nme ll ae = me ew 


§6. TRANSFORMATION FROM SPECTROPHOTOMETRIC 
DATA TO TRICHROMATIC COEFFICIENTS 


The simple algebraic method of making this transformation is to multiply thf 
brightness factor at each of a series of wave-lengths by the corresponding fig 
Ex, Ey and Ez given in the computational table of the illuminant. This latte 
figure is the product of the energy E£ of the source at that wave-length and 
distribution coefficients x, y and = for the equi-energy stimulus, which are actuall} 
the product of the standard visibility function V and the trichromatic coefficien 
x, y and z, divided by the coefficient y, which is a measure of the luminosity at 
wave-length. ‘The computational tables for standard illuminants A, B and C 2 
for 1900° K.® have already been published together with illustrative calculatic 
and table 3 gives the computational data for a source at 2360° K., carried to t 
third decimal place. 

A graphical method of making this transformation is available. Difficulties 
accurate planimetry limit its accuracy to +0°5 per cent, but it effects a considerak 
saving of time when there are several results to be converted. The method consis 
of integrating the areas below the curves in which the spectrophotometric brightne 
factor is the ordinate and the wave-lengths, spaced according to the values of E 
Ey and Ez, are the abscissae. 

A different wave-length scale will be required for each unitary stimulus a 
for each illuminant, but when once the charts have been prepared on stiff pape 
they may be used almost indefinitely. The spacing of the wave-length scales is sue 
that the intervals are proportional to the value of Ex, Ey or Ex at correspondin 
wave-lengths and table 4 gives the scales for the standard illuminants A, B and ( 
and for Planckian sources at 2360° K. and 1g00° K. on a basis of a 10-in. scale f 
the coefficient of Y, giving points at every romm. 


ects = ln Sel lly” aaa ela,” + ‘iy — els 
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The integrated visible-brightness factor of the specimen is given by the value 


which the coefficient of Y has before reduction to the unit equation has taken 
place. 
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Table 3. 


Computational data for 2360° K. illuminant (C,=14,350 
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Wave- | 3 
length _ | Relative energy EX Ey | 
(mp) distribution | 
380 0°38708 o-oo! 07000 
390 0°51039 0°002 07000 
400 0'66420 0-009 0-000 
410 085016 0°035 o-OoI 
420 10485 Our ze 0004 
430 13355 0°355 orors 
440 16427 0°537 0035 
450 I°9950 0°630 0-071 
460 2°3977 0-654 0°135 
470 28530 07523 0°243 
480 3°3620 0°302 0438 
490 3°9283 or18 0766 
gee) 4°5504 0021 I- 
a 5°2318 0°046 het S 
ad 5°9704 0°355 3°97 
oe, De T°O51 eles 
S 7° 9234 2°078 6-820 
55° 85349 ‘471 -96 
560 9°5028 =: ite 23 = 
SSS: 864 
She Io°521 F°Sor 9°410 
So T1°504 9°962 “465 
590 Bag A TRS I2 24 9°4 3 
“245 9°024 
pee 13°879 13°840 8-218 
620 he lege co 
13°0 as 
Sst ute rors | path 
sO 18-937 7°962 3°10 
650 20°279 PaO 
dou | elk’ alesse elas 
ého 2.3°044 1°890 0-692 
24°454 1'07. . 
690 25879 pase 0-391 
: o-199 
m8 27°309 : 
70 28-754 ele pe 
720 30°'182 , beg | 
0082 0028 
73° 31°6 : 
740 or o°041 O'O15 
0°022 0009 
750 34°522 ‘ 

760 35°851 pest. 0°003 
440 37°357 7 0-002 
8 0"000 0°00) 
7) fe) 38°748 < le} 

0°000 ©:000 


Q2360° K.= 0°4894.X + 0-4150 Y+0-0956Z. 


Table 4. Abscissae for somcbdl illuminants 


[ 
eee Illuminant A Illuminant B Iluminant C 
length 
(my) “olay aot (2 Sel RS, ce Or ee 
380 ©7000 07000 0000 ©:000 0°000 0:000 0000 0°000 0:001 
- 390 ©°000 0:000 o'001 ©7001 07000 0004 O'00I 07000 0:003 
400 ©7001 07000 0:006 07004. 0'000 0018 0005 0'000 0:027 
410 07005 07000 0:026 0016 0:000 0:075 0024 O00I O'1T3 
420 _ 0°02I O-00I 0°099 0063 0'002 07301 0'095 0:003 0°457 
430 0:066 0:002 0-319 0'202 0:007 0:980 0318 oro 17488 
440 07146 0:006 0-705 0441 07020 2°158 0°664 0029 3'249 
450 O245 580-015) 1-222 0716 0:044 3:568 1:063 0064 5:°298 
460 07348 0:03I 1°790 0978 0:084 5:005 1°430 oO'120 7°308 
470 0440 07059 2°350 T'190 0148 6298 i716 §10;207 1G:050 
480 07500 oO 118 2°788 133 OM O72 5 OME] -233 1°884 0:340 10:268 
490 0529 o'189 37083 1375 0407 7808 1954 0°537 10°992 
500 0253/7 0-320) 93-272 1°390 0°647 8-138 1°973 0°823 I1:390 
510 0540 0569 3:396 1-304 1-E8t $327 1'°979 1'233 11:606 
520 0561 o:960 3:°469 1°422 1°529 8-426 2-OOSMML OS mt 13 
530 0°641 1°516 3°510 I°51Q 2°214 8477 2110 2°518 11°767 
540 o°815 2214 3°533 1°725 3°037 8:504 2°324 3°375 11°795 
550 I°IL5 37024 3°545 2:067 3:963 8-518 2°676 4:328 11:809 
560 1°575 3°916 3°550 2°567 4:936 8-524 3°184 5316 11-815 
570 222 See 853 35553 3°234 5°895 8:526 3°846 6:269 11°818 
580 3093 5°790 3°555 4:052 6°785 8:528 4635 7°128 11°820 
590 4162 6681 37556 4984 77563 8-529 5°509 7°859 11°821 
600 5°382 7°487 3°557 5°973 8217 8-530 6-410 8-345 11°822 
610 6-659 8-183 3°558 6:°956 8-749 8'531 7:278 8-929 11°822 
620 7°869 8°755  3°558 7-381 9:167 8531 8-052 9'295 11'822 
630 8-891 9°193 3°558 8-650 9:°475 8531 8-672 9°562 11°822 
640 9'667 97505 37558 9'077  9°687  8'531 g'120 9°742 11°822 
650 10'209 9°714 3°558 9°434 9°825 8531 9421 9°857 11°822 
- > ° . A * ‘822 
660 10°554 9°843 3°558 9°656 9:907 8531 9'608 9°926 11 
670 10°754 9°916 3°558 9'780  9°953 8'531 9°705 9°963 ie 
680 10°864 9°957 37558 9°845  9°977 8531 9°758 9°982 11°822 
690 10°923 9°978 3°558 9'878 9°988 8531 9°784 9°992 11°822 
700 10'953 9°989 3558 9'894 9°995 8'531 9°796  9:996 11°822 
: ; , ; OS LE aoe 
10 | 10°969 9°995 3°558 9902 9'°997 8531 9°802 9°998 11° 
ae 10°977  9°997 3°55 9°905  9°999 8531 9°805 9°999 eee 
730 10'°98r 9°998 37558 9°908 9:°999 8531 9°806 10:000 11°822 
74.0 10'983. 9999 3°558 9°909 10:000 8531 9°807 10000 11°822 
750 10'984 10°:000 3°558 9°909 10°000 8531 9807 10:000 11°822 
: : ; j : 802 
60 10:984 10°:000 3°558 9:909 10:000 8°531 9'807 10:000 II 
os ee I0'000 3558 9°909 10°000 8°531 9°807 10°:000 Sn 
780 10'985 10°:000 3°558 9:909 10°000 8°531 g°807 10°000 11°822 


Table 4 (cont.). Abscissae for standard illuminants 


ae 2360° K. 1g00° K. 
length 
(mp) xX Y Zz x Y 
_ 380 0'000 0'000 0:000 0°000 07000 0°000 
390 0000 07000 O-OoI 07000 0:000 0-000 
400 O'00I  0:000 0005 07000 =0°000_ 0002" 
410 0005 07000 0°022 0002 07000 0008 
420 07018 07000 0085 0°007. O0°000 07032 
430 0°053 07002 0°259 0°022  O'00I O'1O5 
440 0107 0006 0°528 07046 . 0-002 0226 
450 0'170 0-013 0°860 0076 =0:006 =0°386 
460 6:230910;020)5 Ir230 Oo : “5 
470 0288 0-050 be ¥: per ous pion 
480 0318 07094 1°837 O15 0°05 on 
490 6.3301 O-F ‘008 ; a aoe 
B 7I 2°00 O165 O1OI 1°034 
500 05332) 0-300) 2 hoe 0166 8 o193 «=I'II2 
510 07336) 07556 2-202 o-16 0°36 : 
520 0°372 0953 2°246 ick 0-068 stebis 
530 0477 1:°500 2272 O'279 102 12 
fo) ‘68 >: 8 . “AG ae 
54 0685 2-182 2:287 0452 1-671 1°234 
550 17032 2°979 -2°294 °° 
757 2°37 1-240 
560 17562 3:865 2:2 
297 1°245 “18 : 
oe 2°314 4806 2-299 1-965 fon aa 
oe ieee Wee beet 2074  5°045 1-247 
4°535 655 27302 4262 5°995 1:248 
600 5919 7° 
477 2°303 5-778 68096 1: 
249 
610 . : : 
620 £838 oe cos 77399 7°709 1-250 
630 g-jrokigasomart 8-953 8402 1-250 
640 10506 -g*522 a: 10°262 8-942 1-250 
; 304 Ir'280 9340-1250 
5° II°045 9:°726 2> 
304 Ir'995 g610 1:250 
660 11°380 ‘8 . 
oe tae 9850 2°304 12°454 9°779 1250 
680 ‘peehen eae 12°721 9877 1-250 
690 10994 ae ois, 12-878 9934 1-250 
2°902 = 9°9 1250 
700 Tr7OT ‘988 
9950  2°304 137007, g'98r_ 1-250 
710 11'776 9°994 2°30 : 
i 11°784 9997 2-304 igh tet oe 
730 11-789 9998 2-30 13046  9°995 1-250 
one II°79I_ —-9°999 acon 13°053-9°997 1-250 
- 4 T3057 =99°999 1°250 
5° II'792 10:000 2: 
i a 13°058 9999 1-250 
II'792 I0'000 2: . 
RS II'792 10'000 nner TI Tec eee 
780 11792 10000 @-304 13'060 I0°000 1250 
eh le 304 I3'060 =10:000. I°250 
SS 
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NOTE ON ADDITIONAL EXPERIMENTS ON THE 
EFFECTIVE ROTATION TEMPERATURE OF THE 
NEGATIVE GLOW IN NITROGEN 


By N. THOMPSON, Pu.D. 
Received November 14, 1934. Read in title March 1, 1935. 


ABSTRACT. Asummaty is given of the results of further determinations of the effective 
rotation temperature produced when a discharge tube is maintained at a high temperature 
by external heating, and the form of the relation between the two temperatures is dis- 
cussed in the light of the revised results. 


reported when the nitrogen discharge was produced in a tube surrounded by 

a furnace at a high temperature (700° C.). In these circumstances it was found 
that the effective rotation temperature could be less than the furnace temperature. 
In the discussion which followed the paper it was suggested that this might be a 
spurious result due to the use of a thermocouple (copper-constantan) unsuited to 
the temperatures measured. To decide this point, some of the experiments have 
since been repeated with new couples; the results indicate that the criticism was well 
founded and the anomaly not real. It seems worth while presenting the amended 
results in detail however, particularly in view of the recent appearance of another 
paper on the same subject in which very different conclusions are reached. 

The apparatus was identical with the second type described in the previous 
paper. The gas pressure and the voltage across the tube were of the same order as 
‘formerly, being respectively 1-2 mm.+0'4 per cent, and 384 V.10°3 per cent, 
while the current was higher at 30 mA. The temperatures inside the tube were 
measured with either a tungsten-constantan or a nickel-nichrome thermocouple. 
The former was calibrated both before and after use (the two calibrations agreeing 
~ very well) and the latter after use only. The two instruments gave quite consistent 

results. It should perhaps be mentioned that the thermocouple reading was taken 
in every case while the discharge was running. This reading was higher than 
that which obtained in the absence of discharge, by an amount which decreased 
with increasing temperature and was about 30° C, at room temperature. Alex 
effective rotation temperatures were evaluated as before. 

Several independent series of results were obtained, and they are summarized 
in the appended figure which shows (r—T,) plotted against 7’, where 7 is the 
effective rotation temperature and 7; is the furnace temperature. In agreement 
with the previous results, this quantity falls with increasing temperature, but the 
earlier conclusion that it eventually becomes negative is not confirmed. ‘The shape 

_ of the smoothed curve is essentially the same as that showing the temperature 7’, 


[: a previous publication under the above title certain anomalous results were 
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of the cathode in figure 5 of the earlier paper. The cathode temperature was not 
measured in these later experiments, but the earlier results may be taken ae | 
dicating roughly the general run of the curves, since both T. and T; ars 7 
ultimately on the same faulty thermocouple calibration. On this basis the pro . “ 
shape of the curve showing (T,—T;) against T; is indicated in the figure by t 

dotted line, which is taken from figure 5 of the original paper. Although the tw 
sets of results are not quantitatively comparable, there is no doubt whatever tha 
the effective rotation temperature is higher than the temperature of the cathod 
at low temperatures (compare figures 3 and 5 of original paper) and it is also ve 
probable that it always remains the higher of the two, as shown in the accompany, 
figure. 


500 


300 


200 ke 


Temperature differences (°K.) 


0 400 500 600 700 800 900 1000 1100 
T; °K.) 
Curves showing (a) (r— T;) and (b) (T,— T;) plotted against T,. 

If we continue, in default of any better estimate, to take 7, as an indication of 
the true gas temperature, these results show that the effective rotation temperature 
is higher than the gas temperature, as was found by Duffendack. On the other 
hand, that author’s conclusion that the former temperature is independent of the 
latter is certainly not borne out. In the same paper he suggests that the difference 
(7—T,) may be due to an increase in the mean rotational kinetic energy of the 
molecule brought about directly during the exciting collision process. This hypo- 
thesis, however, does not seem able to account for the marked variation of this 
quantity with temperature, which is shown by the above graph. 

It is a pleasure to express my thanks to Prof. Milner of Sheffield University 
for providing the facilities which enabled me to carry out these later experiments. 
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THE BAND SPECTRUM OF BERYLLIUM MONOXIDE 


By A. HARVEY, Pu.D., F.Inst.P., anp H. BELL, M.A. 
Physics Department, the Victoria University of Manchester 


Received December 14, 1934. Read in title March 1, 1935. 


ABS TRAC T. It is shown that certain band-heads previously unaccounted for in the 
ultra-violet spectrum of BeO can be fitted by means of the equation 

Vy, = 29753°0 + 1083-1 (v’ + $)—11-1 (v' + 3)?— 1148-7 (v” +4)+11°6 (v" +3). 
It is suggested that the final level of these bands is the same as the initial level of the 


near infra-red bands (i.e. a 4II level) and it is also suggested that both the ultra-violet 
BeO systems are of II +1II type. 


§1. INTRODUCTION 


Two of these have been analysed in detail and have been shown to be 12 >" 


XCITATION of the BeO molecule gives rise to a number of band systems. 
(1,2) 


and tI 1X respectively, lying in the blue-green in the first instance 
and in the near infra-red in the second®), Band emission has also been observed 
$n the near ultra-violet. Jevons™ was the first to observe this but made no analysis; 
Bengtsson (Joc. cit.), however, succeeded in making a vibrational analysis which 
accounted for some of the bands, although quite a number were not included. 
The purpose of this note is to indicate how these remaining bands may be accounted 
for. 


§2. EXPERIMENTAL DETAILS 


_ For the analysis of the 1y, 51¥ bands“ the spectrum had been excited by the 
burning of a beryllium salt in the carbon arc. In the present work a number of 
spectrograms were obtained in this way but the long exposures, coupled with the 
fact that such an arc requires constant attention, led us to make use of the metallic 
beryllium now obtainable and to run an uncondensed spark between two electrodes 
of the metal. Such a spark will run unattended for many hours. (‘The arc between 
electrodes of metallic beryllium was used by L. Herzberg and was found to 
require constant attention.) The spectrograms were obtained in the first and second 
orders of the 21-ft. grating now mounted in this department. Comparison spectra 
from an iron arc were put on the plates by means of a set of shutters controlled from 
‘outside the grating room itself. 
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Sz, IME, ULTRA-VIOLET BAND SYSTEMS 


Bengtsson succeeded in describing a number of the bands by means of the 


equation: v, = 31899 + 1006n' — 1on’4— 11268" 4+ 108 * eee (1). 
Rewriting this in terms of the new quantum theory and the accepted notation 
(, p. 26), we get 
p= 31959 + 1016 (v’ +4) —10 (v' + $)?— 1136 (v’ +4)+10(v" +3) ...... (2). 
At the time when this analysis was made only the blue-green 1 +15 bands had 
been analysed and it was clear that this new ultra-violet system was unrelated te 
the 1X +1 system. The analysis of the near infra-red system by L. Herzberg, 
however, showed that these were of #II +1% type, where the lower level was also 
the lower level of the visible = >! bands, and that their vibrational structure 
could be represented by the equation 
Yo= 1054291 + 1127°771 (v’ +) — 8:4007 (v' + 3)? +.0°03913 (v' +3) 
— 1486-87 (v" +4)4+11-70(v" +3)? ...... (3). 
Herzberg concluded that the ultra-violet and infra-red systems had the ‘II leve 
(w,=1128 cm=!) in common and that the higher value of the vibrational frequency 
given by the ultra-violet bands (w, = 1136 cm") was due to the fact that equation (2) 
applied to heads, whilst equation (3) applied to origins. The deviation shown by 
the value obtained from the heads is to be expected, since the moment of inertia 
of the molecule in the two states is not very different (as is shown by the values of the 
vibrational frequencies of the two states) and the bands degrade to the red. 
Equation (2) does not account for a number of heads commencing at A 3364 
and running to the red. These bands formed the strongest feature of the ultra 
violet spectrum as we observed it, but no analysis was possible until the side | 
sequences had been obtained. These are extremely faint, even on our heavies 
plates, the (+1) sequence overlaps the (— 1) sequence of Bengtsson’s system, and 
the heads are very poorly defined. It was found possible, however, to fit these 
heads by the formula : | 
Vn = 29753°0 + 1083'1 (v’ + $)— 11-1 (v' + $)?9—1148-7 (v" +3) 
6 (o” 2 
The fit given by this equation is shown in the table. fase ee (4). 
Table. Vibrational analysis of the p-+B1II system. (Wave numbers in 
brackets calculated from equation (4)) 


Uv ee ° I 2 3 
a ee se 
° 29720'8 28595°7 — —— 
(29720°3) (28594'9) 
I 30783°6 29655°3 28551° 
8551°6 — 
(307811) (29655°7) (28553°3) 
2 — 
30689°6 29593°7 28512°8 
; (30694°5) (29592°1) (28513°1) 
= = 306100 29530°2 


| (30608°5) (29529°5) 
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It seems likely that the lower level here is the II level already discussed. The 

vibrational frequency (1148-7 cm-") is higher again than the one obtained from the 
other ultra-violet system, but in the present case the moments of inertia in the two 
states are much more nearly equal (as is shown by the closer approach to equality 
of w’ and w") and therefore the heads will be formed at very considerable distances 
from their origins, and this distance (v;,—v,) will differ markedly from sequence to 
sequence. 
The electronic levels and transitions now known in the BeO spectrum are shown 
in the figure. In view of the unknown character of the two highest states, and in 
order to simplify future reference to the various systems, we have used the notation 
employed by Jevons (‘, pp. 76, 284) to describe the BeO levels but have used 
the labels D and & tentatively put forward by him in a rather different way. 
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§4. ROTATIONAL STRUCTURE 


The nature of the two states p and E cannot be decided until a rotational 
analysis has been carried out in each case for bands involving these levels. We were 
hopeful that it would prove possible to do this for the new D BIT system since 
a considerable amount of structure was visible on our plates. Unfortunately, owing 
to the weakness of the side sequences, it was only found possible to study the 
main (Av=o) sequence. But even here unmistakable branches were only dis- 
cernible in the (0, 0) band. This was due to the fact that, at the high temperature 
of either the arc or the spark, the maximum intensity of the various branches 
occurs at high values of J, so that the higher members of the Av=o sequence were 
overlaid by branches from other bands to such an extent that analysis was impossible. 


A. Harvey and H. Bell : 


r of this sequence available, a definite 
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However, even with only the (0, 0) membe aoe! 
conclusion as to the constants of the upper level involved in this system would have} 
been possible had combination differences for the lower (B1II) level been obtainable 
from the analysis made by L. Herzberg of the B#II +a1Z system. Unfortunately, 
however, the analysis of this B1I] +a’ system gave only the B-values of the B* 
level from v=2 to v=7, although by extrapolation of the equation for these B 
values B, should be 1-342. Similarly by extrapolation D)= —7°7 x 10-*. Knowing} 
these values we can calculate the term differences for the B1II (v=o) state. | 
These same differences should, of course, have been obtainable from the} 
(0, 0) band of the p+s1II system. We observed two branches in this (0, 0) band} 
but could get no definite agreement between the differences obtained from these} 
branches and the calculated differences. We did, however, succeed in getting an 
arrangement of the branches which, on treatment of the differences in the usual } 
manner, gave practically a constant value for By’, whilst the B,"-values were too | 
high (in comparison with the 1-342 obtained above) by some 2 per cent for low 
J-values although they approached the extrapolated value at higher J -values, and 
settled down within o-5 per cent of the expected value. The constancy of the By’ 
values is inexplicable if our arrangement of the lines in the branches is faulty 
whilst the behaviour of the B,’-values is equally difficult to explain if our analysis | 
is correct. It could, of course, be accounted for by assuming a perturbation of the 
B1II (v=o) level, but this would not be a justifiable assumption in view of the 
paucity of our data. 
We are, however, convinced that the two branches observed in the (0, 0) band 
are genuine, and that the second differences of the lines in the branches enable us 
to estimate the difference B,’—B,” as —o-06. If our vibrational analysis is correct 
then B,’ =1-28, i.e. this is the B-value for the level D(v=o). 
As regards the nature of the two levels p and E it seems probable that both are 
of 1II type, since in both the p-+B1II and E-B!II systems only single heads have 
so far been observed. If the transitions were of such a type that AA +0, then double 
heads would, presumably, be a marked feature of the spectrum. Actually the on 
head of any intensity unaccounted for, in the region of the spectrum that we are | 
considering, is one at 29,683 cm+ It is not certain that this is a head. It may bea 
atomic line, but we have been unable to account for it as such. Its appearance is 
that of a moderately strong line diffuse to the red. It is possible that this is a O head 
associated with our (0, 0) head, which is presumably of R type, at 29,720 cm? 
According to our conclusion that the transition is probably of ‘II +1II type, and 
that the B,-values are as suggested earlier, a weak Q head might be observable in 
this vicinity. 
Finally, it is of interest to note that some very heavily exposed plates of the 


cm >aly system have been obtained and that no evidence for the existence of a 
isotope Be® is obtainable from them. 
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ABSTRACT. A determination has been made of an upper limit to the effective target 
area of the nitrogen molecule for excitation to the triplet levels by electron impact 
Observations were made on the visible groups of the first positive system by the use fh 
an electron tube previously described. By calibrating the plate with a lamp, the absolutey 
emission of which was found in comparison with a black-body radiator, the rate fH 
emission of quanta in each group was calculated, and with the aid of the radiometricg 
analyses available was extended to the whole of the first positive system. The cross 
sectional area, for excitation by electrons with energy of about 14 volts, is, in te 
of the area of the first Bohr orbit, found to be 5 x 10-*, with an estimated probable e 
of 35 per cent. 


of metastable molecules in the A state plays an important role. It is therefores 

of interest to form some estimate of the rate of supply of these excited molecules 
by electron-collision under controlled conditions, i.e. to estimate the effective target? 
area which a nitrogen molecule presents to an electron for the purpose of bein 
excited to the metastable level. 

The a%= level may be excited either directly or by cascade from the othe 
triplet levels. ‘The probability of direct excitation cannot be estimated spectre 
scopically because of the low intensity of the a8= x1 intercombination systen 
and also of the small chance of a metastable molecule making this transition befor 
its energy is otherwise dissipated. On the other hand, cascade excitation is acco 
panied by emission of the first positive band system, and an estimate of the numbe 
of quanta emitted in this system gives at once the number of molecules in 
A*X state produced in this way under the given experimental conditions. 

This note gives an account of an absolute determination of the effective target 
area of the nitrogen molecule for production of the first positive system by collision 
with electrons of such energy that the emission of radiation in this band system I 
approximately a maximum; i.e. an upper limit is given to the effective cross-sectio 
for production of molecules in the a* state by cascade. At the same time thi 
result is also a rough estimate of the maximum efficiency of production of meta 
stable molecules by both processes, because, although direct excitation migh 


|: many problems connected with the electric discharge in nitrogen, the existence 
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mceivably be much more important when electrons of smaller energy are present, 
nce the a? excitation function has in all probability a maximum within a few 
Its of its excitation potential, the possibility of excitation by cascade is under these 
ynditions correspondingly reduced. The relative orders of magnitude of the cross- 
ctional areas for excitation of molecular and atomic levels are also of interest. 
~The apparatus previously used to investigate the excitation function of the 
-cond positive bands has been described elsewhere". It consists of an indirectly 
eated cathode, slit system, and field-free observation chamber, through which 
itrogen was allowed to pass in a continuous stream at a pressure of about 0-002 mm. 
‘he maximum electron energy was about 15°75 volts, and go per cent of the 
ectron current was comprised in a range of about 4 volts below this value. An 
nage of the electron beam was focused on the slit of a Hilger constant deviation 
ectrograph. 

The radiation-intensity was small and, with the Ilford hypersensitive panchro- 
atic plates used, exposures of about an hour were necessary. These plates are, of 
urse, sensitive only to the visible of the several groups of bands in the first 
ositive system. But Pfund® and Poetker™ have published radiometric analyses 

the complete system, and it was therefore found more convenient to deduce 
om them the proportion of the total energy of the system contained in each group 
an to use special infra-red plates and photograph the whole system. The plates 
ere calibrated by means of continuous spectra of equal exposure-times and varying 
it-widths, obtained from a lamp run at a known colour temperature and placed 
a convenient distance from the spectrograph with no intervening optical system. 

As the slit of the spectrograph was sufficiently wide to ensure complete mergence 
f the rotational structure, the images could be treated as a continuous spectrum. 
wing to the effect of spreading discussed in another paper, the emission of 
ght was not confined to the dimensions of the electron beam, so that the image 

eived on the plate was a blurred patch with no sharply defined boundaries. 
his was photometered in a direction normal to the dispersion at intervals of 
mm. measured parallel to the dispersion, the centre of one vibration band, just 
solved, being taken as datum point. With the aid of the plate-calibration curves 
r each of these cross-sections (necessary owing to the rapid change in plate- 
ensitivity in this region) intensity contours could be built up, and the total intensity 
f the group could be found by integration. This was then expressed in equivalent 
tensity units per square millimetre; i.e., as if the whole of the intensity in the 
roup were integrated and averaged over one square millimetre centred on the 
iven wave-length, the value found being regarded as equivalent to that of the 
ontinuous spectrum with a slit of appropriate width. 

For lack of absolute calibration of the tungsten lamp, a comparison was made, 
y means of a Hilger-Nutting photometer, with the cavity radiation from an alumina 
ylinder at a temperature of about 1000° C. Assuming that the lamp radiates in 
he manner of ‘a black body, the absolute temperature of which is equal to the 
olour temperature of the lamp, it is possible to calculate for the latter an effective 
rea of the emitting surface which, of course, varies with the wave-length owing to 


_ square millimetre of plate then depends on the distance of the lamp from the 
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the changing spectral emission of tungsten. The appropriate value of this quan . 
ss then used in Planck’s radiation formula to calculate the rate of emission 0 
quanta of a given wave-length, the spectral range dX in the formula being de 1 
mined by the dispersion of the spectrograph at this point, since the length oF 
spectrum considered on the plate is 1 mm.* The number of quanta falling or 4 


and on the dimensions of the latter, i.e. its width per division and its length effecti ve 
in producing a spectrum I mm. in depth, as given by the reciprocal of the mag fig 
cation of the camera. Let this number be m. Then if the equivalent intensity of he 
band, in divisions of slit-width, is m, and the ratio of exposure times of band 4 
continuous spectrum is R, the rate N at which quanta are photographed in t ’ 
band is equal to nm/R®, where p is the Schwarzchild factor for the plate, and is ee 

i 


weighted mean of all observations of intensity in the band, owing to its ie 
with plate-blackening. From the geometry of the optical system used in pho . 
graphing the beam the total number of quanta emitted in the band can be deter 
mined, and an analysis of the radiometer curves enables a calculation of a si 
quantity for the whole system. 

The measured gas pressure and estimated temperature give the number 
molecules per cubic centimetre, and the electron current is known. From a kno ; 
ledge of the slit-width and relative positions of the slit, focusing lens and beam, 
the length of the latter under observation can be found. The calculation of 
effective cross-section is then quite simple. y 

The table shows the principal data used in four calculations of the effe ive 
cross-section. They are taken from each of the two visible groups of first positit 
bands, obtained in photographs with exposures of 1 and 2 hours respectively. 


effective area is given in terms of za,?, the area of the first Bohr orbit, a,, havi g 
the value 0:528 A. 


- es ale 


gaia Per- ) 
quivalent) centage | Pressure | . 
Group intensity | of total | Exposure (mam. Current | wethaats 
_ (slit- quantain| (™in.) (Fo x 10-8) (mA.) a 
div./mm?) system S 
. aie 
6500 A. 29°3 19 120 155 | o98 5°26 x 10% 
16°5 19 60 17 I'o 5°14 X 100" 
5900 A. oe 4°5 120 55 | o98 5-19 X EOee 
3 4°5 60 er faze) | 4°85 rom 


Mean of ar®/zao?, 5°1 X 107°. 


The accuracy of this result is difficult to assess, Owing to the large number ¢ 
independent factors which enter into the problem. Whilst the consistency of th 
four determinations is very satisfactory, the extreme deviation being only 5 per cen 

* Since comparisons with the black body were made at the wave- 


: lengths required in the 

culation a knowledge of the colour tem i : 
t : perature of the lamp is rendered u at 

factor involving this quantity cancels out. at 6 en 
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is thought that the probable error should be placed at the higher figure of 35 per 
nt. Of this, 8 per cent is accounted for in the determination of the absolute 
ission from the lamp, 10 per cent in the equivalent intensities, and 10 per cent 
the relative numbers of quanta in each group of the system. 

I am indebted to Dr C. H. Johnson, of the Chemical Department, for assistance 
Y the use of a Hilger-Nutting spectrophotometer, and to the Director of the 
ford Research Laboratories for a determination of the Schwarzchild factor of the 
otographic plates. In particular, I desire to express thanks to Dr E. T. 5S. 
ppleyard for much helpful advice, discussion of the problem, and assistance in 
ecking the calculations. 
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ABSTRACT. Variations in intensity of the more important lines in the mercury are 
spectrum are investigated as the temperature of the air surrounding the burner is increase¢ 
The intensity and arc watts reach maxima but not quite together. Empirical relations are 
found connecting intensity and electrical input. Absolute intensities of some thirty line 
between 7000 and 2300 A. emitted by commercial quartz mercury-vapour burners are 
tabulated and some theoretical aspects of the results are discussed. 


§x. INTRODUCTION 


and as the intensity of radiation emitted is susceptible to changes o 

temperature it is of interest to know how it varies as the temperature © 
the surrounding air increases. In different housings a given burner will a 
equilibrium at different electrical ratings depending on the ventilation. 

In the investigation to be described, the temperature of the air around several 
quartz mercury-vapour burners was varied and the intensity of some of the most 
prominent lines in the spectrum was determined, the supply voltage and ballast 
resistance being maintained constant. Results have been quoted bearing upon th 
variation in intensity when the supply volts are varied“, and Harrison and Forbes® 
have described a special type of lamp wherein all the variables were separable an¢ 
the effect of varying either the voltage across or the current through the tube was 
determined. Variations of intensity with change of voltage-gradient, for constan 
current, have been given by Taylor). Our object was to investigate the changes 
that might occur in the practical operation of commercial mercury-vapour burners, 
ie. the intensity-variations resulting solely from temperature-changes such as are 
due ena ke bnracts in housings differing in ventilation, oy 

gation was also made of the absolute intensities of some 
ae between 7000 A. and 2300 A. in the spectrum from quartz mercury arcs, 
eee eet eae ee eat sy a distance of 1 metre was 
ence ne : herapeutic, actericidal and other effects can be 

ome theoretical aspects of the results are discussed. 


} f sees ien burners are usually operated in some form of housing 
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The burner was placed 117 cm. from the entrance slit of a spectrometer so that 
diation from the whole arc-length entered the instrument; a thermopile, after 
e exit slit, connected to a Paschen galvanometer (the combination having been 
librated by means of a carbon filament lamp standardized by the National 
ysical Laboratory) gave the intensity after transmission through the spectro- 
eter*; losses in this latter were determined experimentally by means of an 
xiliary monochromator and thus the actual intensity at the entrance slit could 
determined for any wave-length. 
The temperature of the air surrounding the burner was decreased by means of 
fan or increased by means of an electric heater immediately below the burner. 
was not practicable nor was it considered necessary to determine the actual 
mperature of the burner at any point; as will be seen later, the conditions of 
eration can be inferred from the electrical characteristics. 

The exit slit was set wider than the collimator slit in order that the intensity 
f lines close together might be integrated by the thermopile and the intensity 
r the group obtained, rather than that for each individual line comprising the 
oup. The wave-lengths studied were 5790, 5770 A. together; 5461 A.; the 
58-A. group; the 3650-A. group; the 3126-A. group; 3022 A.; the 2652-A. 
oup; and 2535, 2537 A. together. Their intensities were determined for various 
uilibrium conditions of the burner brought about by cooling or heating as 
escribed, and the electrical conditions also were noted. 


§3. RESULTS AND DISCUSSION 


Variation of intensity. As is generally known, the intensity of all the spectral 
nes increases as the ambient air-temperature increases, and at the same time the 
© watts increase, eventually passing through a maximum and then decreasing ; 
e intensity, however, continues to increase after this maximum of power has 
een reached until, on further heating of the surrounding air, this also soon reaches 
maximum and then begins to decrease. Typical curves showing the variation of 
itensity with arc watts due to changes in air-temperature for a 2°5-A. burnert 
perated on 240-V. mains with a series resistance of 36 Q.) are given in figure 1, 
nd the maxima for watts and intensity are clearly shown. The primary variable is, 
f course, the temperature of the air in the immediate vicinity of the burner, and 
lated variables are the temperature of and pressure within the burner itself. 

_ The arc voltage and current are good indications of the conditions under which 


* A null method was used as being more practicable in overcoming disturbances and drift. A 
ries and shunt resistance citcuit injected an opposing current into the galvanometer circuit, 
itching taking place automatically as the light-shutter was raised; the balancing potential across 
ye main potentiometer, as read on a sub-standard voltmeter, gave the required experimental 


servations proportional to the intensity. 
+ Normal operating conditions for th vith 
sistance, is 2°5 A. which is the current-vyalue for ventilati 


reulation. 


is burner, with the specified mains voltage and ballast 
on given in a normal housing with free air 
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the burner is operating, for as the temperature of the ie : Sri ene i 
to the hottest degree practicable, the arc volts increase whilst the a al 
Since the supply volts, £,, and ballast resistance, R, are nie ine i 4 
the arc volts E and current 7 are related linearly, the characteristic aving a negati¥ 
slope numerically equal to the series resistance R. For 


E=E,-ki | ee (1). 


— 


100 


80 


Increase air 
temperature 


Intensity at 117 em. (uW./em*) 


\\ 
aw 
in \ 


ie 
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300 350 400 
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Figure 1. Arc watts and intensity due to temperature-variation of air around burner no. 844. 


Mains voltage, 240 V.; ballast resistance, 36 Q. 

Now the are watts P= Ei= E,i— Ri; differentiation shows that P is a maximum 

when 7= £,/2R giving 

Pmax. = E.2/4R wer can (2). 

Pmax. as found by experiment was 400 W. and is also 400 by substitution 
equation (2) of E,=240 V. and R=36Q. 

The maximum intensity occurs at a temperature such that the arc watts are a 
little less than their maximum; thus maxima for AA 5780, 5461, 4358 occur at 
about 385 W. whilst maxima foe MA 3126, 3022, 2652, 2536 occur at about 396 W. 
and a maximum for \ 3650 occurs at about 380 W. In the ultra-violet region 01 


l, je . . . x . . 
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vave-lengths from A 3126 downwards, the maxima of intensity all occur very near 
he maximum. wattage, the peak being sharper than for long wave-lengths. For 
maximum intensity, therefore, this burner should be operated with such ventilation 
hat the arc watts lie between 385 and 400 at the higher voltage, i.e. between 120 
ind 140 V. with corresponding currents of 3:3 and 2°75 A.; the normal operation 
: at 2°5 A., which occurs at 150 V. (375 W.), and though the intensities are not 
uite at their maxima they are nearly so and operation at any voltage between 
[20 and 150 will be satisfactory and ensure that only small changes of intensity 
hall occur with any temperature-fluctuations. Under these conditions the intensity 
s only subject to small variations for quite large temperature-changes, and this 
ange is the most suitable for operation. hat all lines exhibit decreased intensities 
hen such a burner is operated under extra hot conditions is shown by comparison 
f columns 2 and 3 in table 2. 
Exactly similar results were obtained with a 3-5-A. burner and 28-Q. series 
esistance, the maxima of arc wattage again not producing maxima of intensity. 
aximum power was 515 W. by experiment and 514 by substitution in equation (2). 
he maximum intensity for MA 5461, 4358 and 3126 occurred at about 505 W.., that 
or AA 3650, 3022, and 2536 at 510 W.; thus, in this case also, for maximum intensity 
e burner should be operated at such a temperature that the voltage lies between 
20 and 140 with corresponding current-values of 4:28 and 3°56A., normal 
peration being at 3-5 A., 141 V. and 494 W. These two types of burner have the 
ame arc-length, about 12 cm., and it is to be noted that maximum intensity occurs 
or both types within the same voltage-range, i.e. with the same value (10 to 11°7) 
f volts per centimetre, the greater arc current being responsible for the greater 
ctual intensity. 
Between arc voltages of 80 and 140 the foregoing experimental results can be 
xpressed by the relation 


(xis: ak eae gt Gan eee (3), 


here J is the intensity of radiation of some particular wave-length and C and n are 
onstants corresponding to that wave-length but differing for each spectral line. 
Phis is a relation between J, 7 and E when the supply volts and series resistance 
re constant and the only variable is the temperature of the air around the burner, 
and E being further related by equation (1). Plotting of logy, (Z/i) against log, E 
esults in the type of curve shown in figure 2, where the values for some of the 
ave-lengths of the 2°5-A. burner are given, these being typical of all the results. 
he linear relation is quite well defined between 80 and 140 V. but below this the 
urve departs considerably from linearity. Above 140 V. there is a marked change 
n slope, but the exact form is difficult to determine since it was not found possible 
9 extend the observations much above the points given. Further rise of temperature 
ncreased the pressure in the arc space so much that the arc was extinguished. 

Values for m and C as determined from the linear portion of the curves are 
iven in table 1, J being in »W./cm? at 117 cm, distance and z and EF in amperes 


nd volts respectively. 
27-2 
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Table 1. Values of 2 and C for equation (3) 
| 2°5-A. burner 3°5-A. burner | 
: n @; n GC 

2 0:0017 20} Fe | 
he ses 00049 1°66 | pi 

7 8 75 0°0040 i577 | 5 | 

et 1°99 0°0021 1°86 mt a | 

; 6 1°77 0°0045 1°42 on | 
022 1°92 00008 oe phase 
0-000! 1°7 3 
ge F 88 loosen | is 1°48 | 00092 


Intensity I~ current i (uW./cm? at 117 cm.~ A.) 


Increase air 
temperature 
-_ 


40 50 60 708090100. 200 
Are volts E 


Figure 2. 


Figure 3. 


Figure 2. Relation between intensity/current and are volts as temperature of air around burner i 
increased. Burner, mains voltage and resistance as in figure 1. 


Figure 3. Relation ‘between n and C, x Burner no. 160, 3°5-A. type; 


© burner no. 844, 2°5- 
type. 
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It will be seen that n is different for each wave-length, and this shows that 
the relative distribution of intensity throughout the spectrum will vary with the 
operating conditions; thus, for example, as \ 3650 has a large slope or large n 
the excess of its intensity over that of other wave-lengths will be greater at high 
temperatures than at low; a similar observation holds for MA 5780, 3022 and 2652. 
C and n appear to be related, for on plotting log,)C against log,9”, figure 3, we find 
that the points are distributed more or less evenly about a straight line which 
apparently fits the data from both the 2:5-A. and the 3°5-A. burners owing, no 
doubt, to the equal arc-lengths. From figure 3 we have 


C= NeOtis ee Pe ot em Wee (4). 


Differentiation of equation (3) gives Imax. as occurring at about 150 V. which, as 
we have seen, is beyond the region for which the relation holds, and hence this 
operation is inapplicable. 

A somewhat similar expression is obtained by Asada“) for the variation of 
intensity with change of terminal voltage, though full details of his results are not 
given. He obtains [=Ki(E—£,)" subject to the condition that the potential 
difference be not very small, and states that the radiations of longer wave-lengths 
increase more rapidly than those of shorter. E, is the arc voltage on first striking. 

Absolute intensities. ‘The results presented in the preceding section were 
obtained as part of a more complete investigation wherein were obtained the 
absolute intensities of all the main wave-lengths between 7000 and 2300 A, emitted 
by several mercury vapour burners and measurable by the radiometric method 
already described. Most of the intensities were determined for a 5-cm. length of 
arc at 45 cm. from the collimator slit, and by means of an open thermopile and 
three filters (passing A 5461, A 4358 and all wave-lengths less than 1-4/4) 4 mean 
ratio was determined for obtaining the intensity due to the whole arc length at 
too cm. distance. Data thus obtained are summarized in table 2. Columns 3, 4, 5 
relate to burners operated:-under such ventilation conditions as to permit operation 
with their normal current. Column 2 for no. 793 gives the intensity for this burner 
operated under much hotter conditions, such as obtain in a closed lamp-house 
with little air-circulation, and the decrease that results is at once evident. No. 844 
was a new burner whilst no. 793 had been in operation before and the loss of 
intensity for the shorter wave-lengths was becoming apparent. 

Since \ 2537 spreads out on the long-wave side to about A 2587 and the slit 
was insufficiently wide to accommodate this range, a factor was obtained from 
microphotometer records of this region whereby the total intensity of all of AA 2537 
and 2535 could be obtained from measurements made with the spectrometer set 
at \ 2536. From such records, also, the amount to be deducted from the reading 
at A 2576 due to A 2537 was deduced, the intensity-values in the table being those 
of 2576 alone. 

These intensity-measurements cover a wide range of wave-lengths and it is 
interesting to note the decay of intensity in the sharp (2°Po,1, ,—m°S,) and diffuse 
°P 64, 2—7°Dy, 2, 3) series. In figure 4 are plotted the logarithm of the intensity 
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intensity at 1 metre (uW./cm?) 


Figure 4. Relation between intensity and 
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Wave-number vy 


40,000 


wave-number for the sharp and diffuse series of the 
mercury spectrum. Burner, mains voltage, and ballast resistance as in figure 1; arc voltage 
146-4, arc amperage 2: 49. 
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against wave-number for the lines belonging to these series; these are for burner 

10. 844 and are typical of all the results. Smooth curves can be drawn through 
practically all the points in a given series and this indicates that experimental 
rrors were small. These results are in agreement with those of McAlister, and 
he curves, like his, appear to approach asymptotic lines of approximately the same 
Slope for the two sets of series; this slope is greater for the diffuse series, a fact 
which indicates a lower temperature of the excited atoms for the 2°D than for 
the 2°S levels as was pointed out by Hulburt®. Hulburt argues that if there is a 
sort of temperature-equilibrium in the mercury arc, then the intensity J of radiation 
of wave-number v is 


f=qexp (eahoviel) Soe Gi 


where « represents the various probabilities of state and of transition and the usual 
meanings attach to the other symbols. If « is constant for the lines of a series, the 
logarithm of the experimental intensity plotted against wave number should be a 
straight line for the series. Our work and that of McAlister shows that « is not 
constant but varies with v, decreasing as v increases. The change of « with v is 
greater in the diffuse series and small in the sharp series, the lines of the latter in 
some cases being linear, although we have insufficient points to be able to argue 
this rigorously. From the high-frequency ends of the curves, where they have 
become practically linear, we deduce approximate temperatures of 6700° K. for 
the sharp and 2500° K. for the diffuse series, these estimates being based on the 
four sets of intensity-measurements given in table 2. 

In the plot of log J against v, the intensities of A 4358 and A 4339; A 4078 and 
d 4047; A 2537 and A 2535 were separated as these pairs are not of the same series. 
This was done either by means of the microphotometer records’ or by taking 
intensity-readings ‘at the separate wave-lengths and calculating the amount to be 
deducted in respect of the overlap of the neighbouring line. A 2576 does not fit 
the general curve in any of the four sets of results, though the linearity of the 


“series to which this belongs is borne out by the fit of A 2447. 
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Table 2. Radiant energy flux (~W./cm?) at 1 metre from the centre of 
quartz mercury vapour burners 
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“THE BAND SPECTRUM OF VANADIUM OXIDE 


Dyan CwMALHAN TT Avis: 
Communicated by Prof. P. N. Ghosh, January 12, 1935. Read in title March 15, 1935. 


ABSTRACT. The spectrum of VO has been photographed under high dispersion. 
Experimental evidence confirming that the emitting molecule is VO has been secured. 
The vibrational analysis of the band system has been extended to v’ =8, and approximate 
values of the vibrational constants have been calculated from the new band-head data. 
The rotational structure-analysis of the bands (0, 1), (0, 0) and (1, 0) shows the presence 
of two R and two P branches with a short Q branch. The rotational constants of the 
molecule have been evaluated. It is suggested that the band system is due to a*A >A 
transition. 


§x. INTRODUCTION 


bands which extend from violet to far red. As early as 1895 Demareay” 

first observed them in the spark through a solution of vanadium fluoride. 
But the wave-length data of only a few of their heads were recorded by the early 
investigators. Using low dispersion, Ferguson® has recently measured a large 
number of these bands. 

The vibrational quantum-analysis of these bands was first undertaken by 
Mecke™, who had identified only four heads, viz. (1, ©), (0, 0), (0, 1) and (0, 2) 
from the old data. Ferguson has included as many as thirty-one bands in the 
system. This enabled him to calculate approximate values of the vibrational con- 
‘stants of the molecule. He has published, however, no photograph of his spectrum. 

The main object of the present investigation is to make a rotational structure- 
analysis of the bands. Of the band spectra known so far to be associated with the 
oxides of the elements of the transition groups, a structure-analysis has been made 
only in the case of the blue-green bands of titanium oxide and it might be interesting 
to make such a study for those of vanadium oxide. For this purpose, first- and 
‘second-order spectrograms taken with a 21-ft. concave grating have been utilized. 
In addition to this, photographs taken with a Hilger E. 1 prism spectrograph, of 
the Littrow type, with interchangeable quartz and glass optical systems, revealed 
the presence of a number of bands which have not been recorded previously. The 
new data of wave-lengths obtained for the band heads have been used to calculate 
the values of the vibrational constants, which do not differ appreciably from those 


of Ferguson. 


Te spectrum of vanadium oxide, VO, consists of well-marked red-degrading 


ae 
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§2. THE IDENTIFICATION OF THE EMITTER 


The fact that the same band spectrum is emitted, whether vanadium or its 
various salts are used in the core of the carbon arc in air, leads one to attribute i 
to the oxide of the metal but does not exclude the possibility of its being due te 
the hydride VH or the metal molecule V, itself. The rotational structure-analysis 
of the bands definitely rules out the hydride as the probable emitter, but some doub 
is left as to whether V, might not be the molecule concerned. It was, therefore 
considered desirable to obtain further experimental evidence regarding the identity 
of the emitter of the spectrum. Accordingly a water-cooled enclosed arc was used 
The electrodes were of carbon, the lower one being cored to receive the metal or 
its salt. The arc could be satisfactorily maintained in different gases under varying 
pressures. It was found that the spectrum was emitted only in an atmosphere o 
either oxygen or air, while it was completely quenched when hydrogen or nitroge 
was introduced into the arc chamber. This shows that the presence of oxygen 1 
necessary to produce the bands and it may therefore be concluded that vanadiun 
oxide, VO, is the emitter of the band spectrum in question. 


§3. EXPERIMENTAL 


The flame surrounding a carbon arc whose lower electrode contained metallic 
vanadium or vanadium salts was used as the source of radiation. Various salts such 
as vanadium chloride, vanadium phosphate, ammonium vanadate and vanadic acid 
have been used. The arc was operated at a current-density of 4 to 5 A. from 
220-V. d.-c. mains. 

For a preliminary survey spectrograms were obtained with the help of 2 
Hilger E.1 prism spectrograph. Ilford special rapid panchromatic plates were 
used. With an exposure of about 20 to 30 minutes, the bands were very we 
developed on the plates in the region extending from A4400 to about A100. For 
photographing the bands beyond A7100 dicyanine and kryptocyanine plates were 
used. The time of exposure was about 2 hours. The bands were then found te 
extend as far as 8650. In the long wave-length region they were also photographed 
in the first order of a 15-ft. concave grating having 1 5,000 lines per inch. 

For measuring structure lines of the bands, photographs were taken in the 
ie and second orders of a 21-ft. concave grating set up in Paschen mounting and 
pe en ae with a 6-inch ruled surface. In the first order, an 

3 hours was sufficient to get the lines well developed for measure 
ments. But in the second order the time of exposure was as long as 8 hours. Eve 
is the lines, although just intense enough for measurement, were not sufficientl 

ong for reproduction. 
ear band heads and structure lines were made on several of the 
€ prism and grating spectrographs, figure 1. The dispersions 
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given by these instruments were as follows: 
Prism spectrograph, E. 1 
with quartz optical system, 16 A./mm. at 44400 to 55 A./mm. at A7100, 
. with glass optical system, 6 A./mm. at 4400 to 36 A./mm. at A7600; 
15-ft. grating spectrograph, 3°55 A./mm. in the first order; 
21-ft. grating spectrograph, 0-62 A./mm. in the second order. 


For standards of comparison, iron arc, neon and hydrogen lines were used f 
different regions of the spectrum. Measurements were made in the usual way with 
a Gaertner comparator. 

Particulars of the observed bands are included in table 1, which indicates cae 
lengths in air, wave-numbers im vacuo and relative intensities of the band heads. 
The data for the structure lines of (0, 1), (0, 0) and (1, 0) bands are given respective y 
in tables 2, 3 and 4. 


§4. VIBRATIONAL ANALYSIS . 
um- 


As has already been stated, it was Mecke who initiated the vibrational quant 
analysis of the bands. From the data of Eder and Valenta, he assigned the hea s 
at 1A5470, 5737, 6087 and 6478 respectively to (1, 0), (0, 0), (0, 1) and (0, 2) band 
of the system. In addition to these, Ferguson included as many as twenty-seven 
eee are fairly intense. He evaluated the following vibrational constan’ 
in cin 

¥,=17498'8, w, =864:8, w,'%,'=5°70, «i, =1012°3, and a,x, =5'27. 


In the present investigation, a large number of new heads have been incor 
porated in the system. For comparison, Ferguson’s wave-number data have bee 
included in table 1 together with the assignment of v’, v” values to each band hea 


Assuming that the heads are very close to the band origins, the equation derive 
for the R heads is 


v= 17501'3 + [863°5 (0 +4) —5°4 (v' + 4)"] — [10127 (0" +3) — 4-9 (0" +B). 


The distribution of relative intensities of the bands in the system follows a typi 
wide Condon parabola. : 3 
It may here be noted that in addition to the bands included in the present 
sae Ferguson measured forty-five heads which he thinks may also be due to VO. 
are BS in the far red region of the spectrum and probably extend still toward 
igher wave-length side. ‘These bands could neither be fitted into an independen 
ate nor ee into the existing one. Fourteen of them were, however, 
ar, oe ne sequences and their first differences indicate that they might 
o the band system under consideration. In the present investigation thes 


bands ha e not been 1 1 V 
obtain ‘ iti 
V . ed OW Ing pl obabl to the want of sensitiveness of the 
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Table 1 
gy = 7 
: Ng v’ ah sat MN VACUO oe o” r in air v im VACUO 
Y | Author | Ferguson and intensity | author Ferguson 
0:0 4466-4 (0) 22383°1 — Bred) Deus 
; 50373 17126: 1712 
G : 4510°1 (1) | 221663 — 4,4 5942°5 a 16823°3 oes 
»2 45541 (1) | 2195271 = 5.5 5997°6 (1) | 16668-7 = 
>» ° 4632-7 (2) 21579°7 == ey, il 6086:4. (8) 16425°4 16428 
iL 4676°8 (2) 21376°2 — 1) 6139°1 (3) 16284°5 — 
hae 4721°2 (2) Ze A5or — Ay @ 6191°6 (2) 16146°5 — 
8,3 | 4767°5 (1) | 20969°1 = 3,4 6247°2 (1) | 16002°7 << 
4,0 | 4813°5 (3) | 2076971 | 20773 4,5 6303°3 (1) | 158603 = 
5,4 4858°5 (4) | 205767 | 20578 5, 6 6360°4 (3) | 15717°9 = 
ze 6, 2 4904:2 (4) | 20385°0 | 20383 6,7 647895 (198155757 = 
7,3 4951'2 (2) | 20191°5 | 20191 0, 2 6477°8 (6) | 154331 | 15433 
8, 4 4999°I (2) | 19998-0 = 1,3 6532°8 (6) | 153032 | 15306 
3,0 5oro'5 (4) | 19952°5 | 19950 2,4 6588-9 (3) | 15172°9 | 15174 
4,1 5057°3 (4) | 197679 | 19768 3,5 6646°4 (2) | 15041°6 = 
5,2 51041 (3) | 19586°7 | 19586 4, 6 6706'0 (1) | 14907°9 = 
0,3 5152°5 (3) | 19402°7 = 57 6766:2 (1) | 14775°3 = 
Ew: 5201°4 (2) 19220°3 —_— 6, 8 6827°6 (1) 14642°4 — 
2,0 5228-2 (6) | 19121°7 | I9I2I Oo, 3 6919°0 (4) | 14449°0 | 14454 
3,1 5275°8 (6) | 18949°2 | 18951 I, 4 6976°2 (4) | 14330°5 | 14334 
4,2 5324°5 (6) | 18775°9 | 18779 25 5 7035°2 (3) | 142103 | 14212 
5,3 5373°3 (2) | 18605°4 = 3, 6 70956 (3) | 14089°4 | 14098 
6,4 | 5425°1 (1) | 18427°7 4 4,7 — = 13984 
1,0 | 5469°3 (9) | 182788 | 18279 | %4 7418-2 (3) | 134766 | 13479 
2,1 5517°3 (5) | 181198 | 18123 I, 5 7477°0 (2) | 13370°7 | 13376 
Beeeet 5507-7 (4) | 17955°8 = 2,6 75382 (1) | 132621 | 13270 
4,3 5618-0 (3) | 17795°0 oi 2s = a 13166 
5,4 5669°9 (2) 17632°1 | — 0, 5 7986-0 (2) 12518°5 12522 
6,5 | 5723°8(1) | 1746671 = 1,6 — — 12426 
0,0 | 5736°7 (10) | 174269 | 17425 0, 6 8643°4 (2) | 115663 | 11571 
1,41 5786-4 (1) P7277771 — 1 9 = —= 11489 


§5. ROTATIONAL ANALYSIS 


__ The strongest bands in the system, namely (1, 0), (0, 0) and (0, 1), were chosen 
for a study of rotational structure. Under high dispersion they show two heads 
very close to one another, although the resolution is incomplete in their neigh- 
bourhood. As one proceeds a little farther from the second head, two series of lines 
can be clearly followed. Each member of these series in its turn breaks up into 
two components giving rise to an extended set of four series of lines. A priori this 
leads one to think that the four series are probably due to R,, R,, P, and P, branches, 
although the individual series could not be assigned to any definite branch. As a 
first step towards the ‘dentification of the different series it was thought necessary 
to form all possible combinations between the members of any two series for each 
of the bands under consideration. Different sets of frequency-differences were 
thus obtained. With aview to selecting from them the proper combination differences 
between the lines of an R and a P branch, we next proceeded to ascertain prob able 
values of A, 7. We had thus to assume first a value of B, which involves a knowledge 
of r, for the vanadium-oxide molecule. From Morse’s relation, wo7%?=a constant, 
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one can calculate the value of 7, for a molecule whose ws» is known, provided 
: be properly chosen. The value of this constant was 
magnitude of the constant can be properly cee oxi 
secured from the data of Christy‘? for the blue-green bands of t1 ma +t 
y, being known, B, was calculated and finally the expected values of A,T were 7 
obtained. With these values in mind, the frequency differences obtained from a 
two series of the (0, 0) band were compared with those from any two series off 
the (o, 1) band. When two sets of approximately equal values of A,7, one ne 2 
band, were obtained, then the pair of series of the (0, 0) band were shi ted DN | 
two units with respect to each other and were compared with an arbitrary pair of | 
series of the (1,0) band. It was found, however, that no combination relations 
could be satisfied except for a few members of the series. The above proced 
was repeated for several other values of B, and thus of ALT in the neighbourha o¢ 
of the one already tried. But each of these trials proved futile. This failure indicated 
that the values of B, tried were not the true values, and consequently the true 
values of A,T for the band lines could not be obtained. This supposition seems te 
be justified from the fact that, as Christy has remarked, the value of Ty for the 
titanitum-oxide molecule is decidedly small and is much less than the minimum 
value predicted by Birge. One may therefore expect that the value of w»r)° is 
probably higher than that on which the above approximate values of B, are based 
Hence the next procedure consisted in finding out whether for any sets of frequency 
differences, irrespective of the magnitude of B,, the combination relation could be 
satisfied between the three bands for any two of the four series of lines. After 
repeated trials pairs of such series were found for each of the bands, and in each 
pair the identification of R and P series was consequently ascertained and so also 
their J numbering. This helped us in identifying the two components of R and 
P branches. But it was difficult to decidé which of them is to be associated with 
R,, R, and P,, P, series. It was then found that of the two series of lines which 
emanate a little distance away from the second head, one is a component of the 
R branch while the other is formed from the superposition of the second component 
of the R branch and of one component of the P branch. When each of these series 
is extrapolated towards the head, only one of them is found to form the first head 
while the other coalesces into it before reaching the second head. This shows 
evidently that the second head is not due to an R branch, and its head-like appearance 
may be attributed to the condensation of lines of a Q branch. It may further be 
noted that in band systems due to non-hydride molecules, R, and R, heads are 
separated only in cases where either the heads are formed by R-branch lines having 
high values of K or where the spin doubling is large. None of these criteria i 
fulfilled by the present analysis. On the other hand a further close inspection of the 
plates did not reveal the existence of a definite series which may be assigned to 
a Q branch. It is, therefore, probable that the Q branch is very short although it 
begins with appreciable intensity. It should be noted, however, that the super- 
position of the lines of the returning R branch also adds to the apparent intensity 
of the second head. From the values of B,’ and B,.” evaluated from the analysis 
of the bands, the wave-numbers of the first few lines of a Q branch were calculated 
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and they were found to lie very close to one another. It is quite probable that they 
would present a head-like appearance under the dispersion used. Besides this, the 
intervals between the first and second heads of (0, 1), (0, 0) and (1, 0) bands also 
satisfy the criterion for the identification of Q heads as they are respectively equal 
to 2°83, 2°64 and 2-41 cm? 

_ In tables 2, 3 and 4, wave-number data of the structure lines with their K 
numbering are given. They also include the mean values of the rotational term- 
differences for the upper and lower states, defined as follows. 

In the upper state, 


AsTy (J)=R(J)—P,(J), for J=K +4, 
and AsTy(J)=Ra(J)—PalJ), for J=K—4, 

so that, AT’ (K)=$ {AcTy' (J) + Aste’ (J)}- 

While in the lower state, 
A.T," ()=RiJ-)—PAJ +2) for J=K+4, 

and A.T;"(J)=Ra(J—1)—Pal J +0); for J=K-3, 
‘so that, A,T"(K) = {AsTy’ (J) +AsTs’ D}- 

The combination differences, A,7 (K), can be expressed thus: 

A,T(K)=4B,(K+4)+8D,(K+3) (K°+K+1), 

where B, and D, depend upon vz. 


§6. ROTATIONAL CONSTANTS 


To calculate B, and D,, corresponding to a given vibrational state the mean values 
of the combination differences A, 7 (K) have been taken in cases where more than 
one datum were available for a particular pair of rotational levels. Then by the 
“method of successive approximation the following constants were evaluated: 


B,/ =0°33485 cm-* B,” =0°38760 cm:* 
By =0733350 B," =0°38640 
B,/ =0-33080 B," =0-38400 
a’ = 00027 on.” = 0°0024 
ee, 2701. 107! 2 3) ) 2127 K TO 
r,/=2°029 X 10-8 cm. r,” =1°886 x 10-8 cm. 
I, =82°67 x 10-* gm.cm: I," =71-42 x 10" gm.cm: 


With the values of the. molecular constants now available one can check the 
correctness of the rotational analysis of the bands as follows. On substitution of 
the values of B, and D, in the theoretical relation 

w= —4B,7/D., 
it is found that w,’ = 864-4 cm-1 and w," =1012'9 cm! ‘These values are in sufficient 
close agreement with those obtained from the vibrational analysis of the bands. 
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Table 2. (1,0 5 
(1, 0) band, 45469"30 (R), 547002 (Q) 
Ke R P oat MS) A, di (K) K’ 
= 7 | 7 — R i 
4 | 18278:81 | 18270°70 — |e = - 
é = 69°49 Soh Sees 35 | 18229°35 | 18181-87 
& 6819} — ss gE ah 
7 = 66-85 > = 36 | 26-06 77°28 | 
ae 65°32 [= a 2423 75°82 | 
9 nee 63-68 = - 37 22°67 72°85 
ols Be = = 2078 71-03 
12 =e 60°18 me oe 38 19°18 68-13 | 
fae 58°25 ict 17°22 66- | 
13 = et = 
14 —_ 56:18 = | = as 13°57 63°24 
15 ee 53°98 zee er 40 soe et 
16 | 18270°70 is rie ta she we | 
70°23 49°05 | 21°42 | — Gat 08°03 patie 
1 Be a) aah | Tee aeR 
“92 ¥en 22°8 P 5 
18 epee Ai Neat ae Aer 
7°56 43°52 24° a "05 45°44 | 
19 66-82 40°79 #35 | 2850 1" | 8197-69 pate 
20 oe 40°62 | 75°73 goxr | ** 95°90 30-84 | 
37°90 = : 
21 aes 37°63 Zire CM a Fa WN Wi 91°73 | ee 
34°87 de 76 | 
a) Be) Ee) ae | om || el a 
ae Ae | 4°75 22°94 | 
|| Sree] gem] 2995 | awe || geek) aes | 
24 ee 7308 | 3233 | 36sx [4 79°09 1733 | 
a pie ees 14°17 | 
ae ie eee | 
25 56-18 me cA Resi ae nel 
ees ae ote ro 7 7° 05°02 
Be eesises bccn) 8 | 27 eileen 
ea 18°35 | aseqt pated Ve: Sto5 18098-82 
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Table 3. (0, 0) band, AA5735-66 (R), 5737°53 (Q) 
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A further check is afforded by Birge’s rule: 
20, Dye 1At O'2, 
For these bands substitution of the proper values shows that 


Zhe Bede ta heand <2X," Bb," (a = 1°56, 


_It should be noted that the nuclear separation of VO thus obtained is in fair 
| conformity with the value predicted by Mecke“, who plotted the nuclear separation 
of all known hydrides of various elements against the respective atomic number of 
the element. He found that r, of the hydrides of the elements between He and 
Ne, Ne and-A, A and Kr lie respectively on three widely spaced lines. The nuclear 
separation of vanadium hydride, according to this graph, should be about 
1°87 x 10-8 cm. The value of r, for vanadium oxide as estimated by comparing the 
values of the nuclear separation of the hydrides with those of the oxides is estimated 
to lie between 1-85 and 2:35 x 10°-$ cm. 


e7 ELECTRONIC TRANSITION 


The analysis reveals that each band consists of two R and two P branches and 

is, therefore, due to a transition between two similar doublet states. Even at high: 
rotational quantum numbers none of these branches shows any splitting that could 
be attributed to A-type doubling. Thus the possibility of a *If +*II transition is 
excluded. Although we cannot ascertain with certainty the number of missing 
ines in the P and R series owing to the superposition of the branches and want of 
resolution in the neighbourhood of the origins of the bands, still the presence of 
a short and strong Q branch rules out *& +27 leaving 2A +A as the only probable 
transition concerned. * 

Further, such a transition is to be expected from the consideration of the 
‘molecular electronic states. Assuming that the lower electronic state of VO is 
derived from a normal V atom and a normal O atom respectively in 3d°4s?(*F) 
_and 2s°2p4(°P) states, the possible molecular states are only those with A=1, 3, 4 
and S=4, 14, 24. Hence the probability of a *& or 211 as the ground state of the 
‘molecule is excluded. This leads one to suggest that °A 2A is the transition con- 
“cerned in the emission of the band system, although the criteria of missing lines and 
intensity relation between the branches for low rotational quantum numbers would 
have settled this question more definitely. 


8. POTENTIAL-ENERGY CURVES AND PRODUCTS OF DISSOCIATION 
The actual dissociation energies corresponding to the upper and lower electronic 
states of the molecule are calculated from the relation 
D=w,?/4x,wW,—4%e5 
‘and it is found that D’=4:20 volts and D’=6-38 volts. Now by means of the 


relation given below we can ascertain the electronic states of one of the products 
28-2 


J 22 


ZZ 
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from the observed Emoi. and the values of 
ygen atom remains in its norme 
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of dissociation by calculating Latom 
D’ and D’. Assuming as is usually done that the ox 
state (2P) in both the excited and unexcited states of the molecule, the electronie 


state of vanadium atom when dissociated in the excited state can be derived. We 


know that : 
Eu D =D Eatom ; 
ies Esatom = Emo. +(D’ — D”). 


In the band system under consideration, Emo. corresponding to the origin of 
the (0, 0) band is 2:15 V., so that Eatom= —0°03 V. Considering the limits of 
extrapolation error in the values of D’ and D", we may take Eatom as 0. Itis therefore 
clear that both the 2A states of VO dissociate into the same products, namely, the 
unexcited atoms of vanadium and oxygen, V (#F)+O (*P). 

Similar conclusions have been drawn by Mulliken™ in the case of Nj negative 
system involving a 2? transition and few other isoelectronic diatomic mole 
cules. For Ni Mulliken also predicts the existence of a band system, probably 
lying in the far red, from an analogy with these molecules. In the case of VO one 
is led to suspect that the bands recorded by Ferguson in the far-red region of the 
spectrum might be a part of another system for the molecule. 

It is interesting to note that for the oxides of the elements of the first transition 
group, Eatom calculated from the data of the blue bands (system I) of ScO, of the 
blue-green bands of TiO, and of the band systems known for CrO and Mn0O, i 
found to be negligibly small in each case. These values are shown in table 5. 


Table 5 
Emo. | D’ D’ ‘Eatom / 
ScO 2S) tee EG 75 —o4 | 
TiO 2°4 48 | 69 seg eo! 
vO 22 42 6-4 oo ) 
eae 20 nn tor | 
MnO 2°2, 7 4°4 =6:5 


With the data now available for w,, r, and D, it is possible to construct, afte 
Morse, the U (r) curves for the excited and unexcited states of the vanadium oxide 
molecule. ‘These curves are given in figure 2. They meet one another for values o 


r much greater than r, and represent the case of a pair of molecular states which 
dissociate into the same atomic states. 
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Figure 2. Curves relating U with r. 


REFERENCES 


-Demargay, E. Spectres électriques, Paris (1895). 

Kayser, H. Handbuch der Spectroscopie, 6, 786 (1912). 

Fercuson, W. F. C. Bur. Stand. f. Res., Wash., 8, 382 (1932). 

Meck, R. and Gurttery, M. Phys. Z. 28, 514 (1927). 

Curisty, A. Phys. Rev. 33, 701 (1929). 

Mecxe, R. Bandenspektra und thre Bedeutung fiir die Chemie, p. 26 (1929). 
Guosu, C. S. Nature, Lond., 132, 318 (1933). 

MuLuiKen, R. S. Rev. mod. Phys. 4, 48 (1932). 


OP Nee 


% 
zy 


446 
771.36 


NEW METHOD OF MEASURING THE TIME AND 
EFFICIENCY OF PHOTOGRAPHIC SHUTTERS* 


By EDO EYLES? Bae 
AND 
E. W. H. SELWYN, B.Sc., A.R.C.S., F.INsT.P. 


Received January 17, 1935. Read in title March 15, 1935. 


ABSTRACT. Apparatus is described for obtaining the curves relating area with time 
in photographic between-lens shutters. A set of separated and illuminated apertures 
fitted with neutral glass filters passing certain standard fractions of the light is imaged by 
a lens on film wrapped round a revolving drum, the shutter acting as a diaphragm for 
the lens. The film is thus exposed in bands along its length. An exposure is made, with 
the shutter set fully open, for one revolution of the drum. The above apertures are then 
replaced by a second set without neutral filters, each of these apertures fitting exactl 
between the spaces previously occupied by two apertures of the previous set. An i 
stantaneous exposure of the shutter is then made during another revolution of the drum 
During the whole of this exposure a time scale is impressed on the film by subsidiary 
apparatus. After development the points at which adjacent bands have the same density 
are found. These give the times at which the area of opening of the shutter was equal to 
the standard fractions of its full aperture. Various features of the apparatus are discussed 
and particulars are given of the method of calibrating the neutral filters and of tests carried 
out on shutters for which curves relating area with time could be calculated. 


§x1. INTRODUCTION 


HE ideal photographic shutter opens to its full aperture infinitely quickly 
stays fully open for a predetermined period, and then closes infinite 
quickly. If A is the area of the full aperture and T the time of opening, the 
total amount of light admitted by the shutter is proportional to AT. In actus 
fact a shutter takes some time to open and some time to close, and the total amount 

. . . *. KS 
of light admitted is proportional to | adt, where a is the area open at a time ¢, 

Jo 
measured from the commencement of opening, and 7’ the total time from beginning 
to end of the exposure. If the shutter has a full aperture A, the quantity a [va d 
. . AT 0 
is termed the efficiency. 

The first measurements of efficiency appear to have been made by Abney i 
1892. A more accurate method following the same principles was published in 
1909) from the National Physical Laboratory. This gives a record of the length 
of a line, across the aperture of the shutter, which is visible at any instant during 


* Communication H 544 from the Kodak Research Laboratories. 
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the exposure. By independent experiments is obtained the relation between the 
area of opening of the shutter and the length of line visible, which enables the 
relation between area of opening and time to be plotted for the shutter. One of 
these operations was eliminated in apparatus devised in the Kodak Research 
Laboratories%) which gave a high-speed kinematographic record of the position 
of the shutter blades at short, equally-spaced intervals of time. For accurate 
estimation of the efficiency these methods require the measurement, with a plani- 
meter or otherwise, of the area uncovered by the shutter blades at recorded 
instants. 

The apparatus now to be described gives a photographic record of the time at 
| which the area of the shutter uncovered by the blades amounts to certain fractions 
of the aperture when fully open; that is, it provides directly a certain number of 
points on the area-and-time curve of the shutter. It was built specifically for 
between-lens shutters with a full aperture of diameter not greater than 25 mm. 
and exposure times of from 1-0 to 0004 sec. 


§2. DESCRIPTION OF APPARATUS 


An image of the incandescent ball P of a 500-candle-power pointolite lamp is 
formed by the condenser lens L, at the plane S of the shutter blades, figure 1. 
Just in front of the condenser lens is a diaphragm which may be rotated into either 


oS 


saapem 


Fixed diaphragm over Ly 
Figure 1. Diagram of apparatus. 


of two positions. In one of these positions it forms a column of equal apertures at 
equal intervals, coming within the fixed rectangular aperture over the condenser 
lens indicated by the broken lines, figure 1 A. In the other position a second column 
of similar apertures fits exactly between the spaces previously occupied by the 
first set of apertures, figure 1B. All but one of the apertures of the first set have 
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neutral glass filters fitted so that the transmissions of the een Fie 
0-7, 0°5, 0-3 and ol approximately. An image of the apertures : ae 
lens L,, placed close to the plane S, on the surface of a strip o 
film wrapped round a drum which can be steadily rotated. ieee 
An exposure is made to the first set of apertures for one revolution OF | a 
with the shutter under test open at full aperture. The film is thus, owing to | 
motion, exposed in bands corresponding to the image of the ep ae 
I'0, 0°9, 0°7, 0°5, 0-3 and ov! of the intensity transmitted by the s utter I 
aperture; see figure 2a. Then the diaphragm in front of the condenser 1s . 
into the other position, and an exposure is made with the shutter set at the 
stantaneous exposure being measured. This results in another exposure 1n band : 
corresponding to the image of the second set of apertures, figure 26, but in this 


case the exposures in all the bands are the same but increase and then diminish if 


ee 


Figure 2, Examples of records. 


intensity along the length of the film according to the area-and-time curve of the 
shutter. This second set of bands is, of course, interposed exactly between the 
first bands, figure 2c. When the film is developed it is easy to pick out the points” 
at which the density of the second set of bands is equal to that of the first set: that 
is to say, the points on the time scale (along the length of the film) at which the 
area of opening of the shutter amounted to 1:0, 0-9, 0°7, 0°5, 0°3 and o-r of the ful 
aperture. When these points are being located it is convenient to rest the film or 
an illuminated opal glass, with a mask which screens off all but the immediate 
neighbourhood of the point at which the densities match. During the instantaneous. 
exposure a time scale is impressed on the film in the following way. Light from 
the pointolite ball is reflected by the mirror M,, figure 1, along a line at a small 
angle to the axis of the apparatus and crossing the axis at the plane S. The light is 
made to strike the film at the proper place on the drum by the mirrors M, and Mg. 
This double reflection is necessary to avoid interference by the lenses and mirrors 
with the light travelling along the axis of the apparatus. ‘he lens L, forms a 
image of the pointolite ball on L,, and L, forms a reduced image of the aperture 
over L, at the central point in the plane S, and this small image is again reproduced 
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on a still smaller scale on the film by the lens L;. In this way sufficient light to 
give a record on the film is transmitted with exceedingly small openings of the 
‘shutter. The principle of sending a very small but intense beam of light through 
the centre of the shutter aperture is that used in the National Physical Laboratory 
apparatus®). Immediately in front of the lens L, is mounted a disc with evenly- 
spaced holes cut near the periphery, and made to revolve at high speed by a small 
‘motor synchronized with controlled-frequency alternating current by apparatus 
of the phonic-wheel type, such as is commonly used in television receivers. The 
light is interrupted in this way 1995 times a second, which is as near as could be 
obtained to the desired 2000 times a second, with the a.-c. frequency and apparatus 
available. For the total duration of opening of the shutter, therefore, flashes of 
light are being sent through the shutter, and are recorded on the developed film as 
short, slightly inclined black lines, spaced at intervals along the film corresponding 
nearly enough to 0-0005 second. 


§3. UNIFORMITY OF ILLUMINATION OF SHUTTER 


It is obvious that for accurate results the intensity of illumination should be 
uniform over the area of the full aperture of the shutter. Experiment has shown 
that the pointolite ball is, in itself, satisfactory in this respect. But the condenser 
lens is not corrected and this causes some difficulty. Chromatic aberration and 
coma do not cause any serious trouble since the brightness of the image is the same 
as if there were no such,aberration, except for a rim round the edge of the image 
of the same order of dimensions as the size of the diffuse patch which is formed, 
in consequence of these aberrations, as the image of a point source. But the spherical 
aberration is of more consequence: as a result of it, the images given by the different 
apertures do not overlap exactly. Sufficient overlap exists, however, to give an. 
area 25 mm. in diameter illuminated uniformly by the light from any small element 
‘of the condenser. The fact that the brightness of the image produced by each 
small element of the condenser is not the same as that produced by another element 
is immaterial, as will be shown later. 


§4. METHOD OF INTENSITY-COMPARISON 


The valuable features of the method using juxtaposed bands of varying density 
in the photographic comparison of intensities have been pointed out in considerable 
detail by L. A. Jones. If these features are to be retained properly it is very 
necessary that the strips be in as exact contact as possible. Therefore the diaphragm 
and apertures were made very carefully, so that one set of apertures fits precisely 
in between the other set. Since the areas on the film at which the comparison is 
made are small and very close together it is not necessary to make special efforts 
to secure uniform development. For the same reason accurate results are not 
dependent on the use of sensitive material with more than ordinary uniformity. 
Again, since the comparison of densities is, in effect, made along the line of contact 
of two bands, variation in the illumination from different points on the condenser 


OO 
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lens is without effect provided that there is no sudden variation close to the dividing | 


line between two bands or apertures. 
The average illumination on the film depends upon the size of the full aperture 


of the shutter being measured, and in order to keep the density of the record at @ 
convenient level a variable resistance is inserted into the supply feeding the pointolite 
lamp, so that for large-aperture shutters the intensity of the pointolite ball may be 
reduced. In this way the same average density may be obtained with a shutte 
having an aperture 25 mm. in diameter as with one having an aperture 7 mm. 1 
diameter. ; 

At first sight an attempt to obtain bands differing in exposure by reducing the 
width of the apertures to 0-9, 0°7, 0°5, 0°3 and o-1 of the maximum is attractive 
But it is difficult to do so when, as will be seen later, the maximum width is for good 
reason only 2 mm. Moreover, apart from this difficulty, the method is theoretically 
unsound owing to the influence of reciprocity failure.* Reduction of the widths 
to the above values was in fact found not to give the required reduction in exposure. 
Even if the aperture-widths were reduced empirically to simulate reduction in 
intensity to 0-9, 0°7, 0-5, 0-3 and o-1 of the maximum, there still remained the 
possibility of the introduction of errors unless the intensity of illumination on the 
film and the speed of the drum were always the same. The use of neutral filters 
permits the exposures to be kept of constant duration and thus avoids any diffi 
culties due to reciprocity failure. 

Cine positive film is used for the record because it is easy to handle, an orange 
light being safe enough with it, while its speed is adequate. The contrast is high sa 
that differences in intensity of illumination are reproduced strongly, and deter 
mination of the position of equal densities is made easier. Since this material is 
not colour-sensitized and since much of the ultraviolet radiation from the lamp is 
lost by absorption in the lenses of the apparatus, the effective sensitivity is restricted 
to a relatively narrow region of the spectrum, and perfect neutrality of the filters 
is therefore unnecessary. For the same reason a change in the colour temperature 
of the pointolite lamp is practically without effect on the effective transmission of 
the filters. In order to keep the intensity as steady as possible the lamp is run off 
accumulators: the variation in intensity from one exposure to the next is negligible 

The gramophone motor which drives the drum is driven by controlled alter 
nating current and is found to keep within + 1 per cent of its average speed. Strobo 
scopic examination shows that the drum is not subject to sudden fluctuations i 


speed, such as would average out over a long period and not be detected when the 
exposure is timed with a stop watch. The position of the drum at any instant during — 


its rotation is shown by an index on the lid of the box enclosing the drum. This 
index is loosely coupled to the drum (so that the lid may be lifted up for wrapping 
film round the drum) and rotates in synchronism with it. With the aid of the inde 


* ae u! <F = 2 : . 
2 Reciprocity failure”’ is the term used to describe the fact that the density produced under 
given conditions of development is not a function of the product of intensity of illumination and 


time of exposure alone, or that, in other words, an x times decrease of intensity is not necessarily 
compensated for by an w times increase in exposure-time. 
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t is possible to start and to end the exposure to the apertures fitted with filters at 
he point on the drum where the film is joined, and also to time the instantaneous 
xposure of the shutter so that it falls midway between the ends of the film. After 
ractice it is, in fact, quite possible to space out as many as four instantaneous 
xposures on one film. 


Sc. BERECT. OF FINITE WIDTH OF APERTURES 
Suppose that a point x on the film, which is moving with a velocity v, passes 
nder the second edge of the image of the aperture at a time ¢. If the width of this 
mage is A, then the exposure commences A/v before t and finishes at ¢t. If the 
ntensity of the illumination passed by the shutter at the time f be represented 


t 
y f(t), the total exposure at x is \ f(t) dt. On a band where the illumination 
Alv 


s constant and equal to J, the total exposure anywhere along the film is J. A/v. 

[he points where the densities of the two bands are equal is given by the value of 

at which it 

T.Ajo=} f(t) dt 
t—Al/v 


r T.AJu=f (t—7).A/2, 
1-0 + cliGelae ike aed 2h 
0-9 0-914 
0-8 0-8 

s 0-7 g ci 

B 0-6 2 06 
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Figure 3. Effect of finite aperture width. 


where 7 lies between o and A/v and is such as to make f(t—7) equal to the mean 
value of f(z) over the range (t—A/z) to t. The effect of using apertures of finite 
width is therefore to displace the curve bodily along the time axis by an amount 
roughly equal to A/2v where the curve has no sharp curvature over the interval A /2, 
and to round off all sharp bends. The small dot of light which traces out the time 
scale is therefore made to fall on the vertical centre line of the image of the column 
of apertures. The amount of distortion of the curve caused by rounding off sharp 
bends increases relatively at the faster shutter-speeds, However, in the present 
case A is 0-7 mm. and 1/v is equal to 0-0006 sec./mm. on the average, so that even 
at a total time of opening of 0-004 sec. the distortion is not very serious. This is 
shown by figure 3, where hypothetical curves, as they would be recorded with an 
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nite value of v), are shown by the full lines 
orded under the conditions stated above ai 
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indefinitely small value of A (or infi 
and the curves as they would be rec 
shown by the broken lines. 


§6. CALIBRATION AND TESTS 


The uniformity of illumination over the shutter was tested by exposing proc sf 
film* placed at the plane S, only one of the apertures being used over the condenset 
lens. The density-distribution over the resulting image was measured after care 
development and fixation, and it was found that over an area 25 mm. in diamet 
there was no variation in intensity greater than +5 per cent, whichever apertur | 
was used. A variation of this amount is practically negligible for the present 
purpose. Indirect proof of the uniformity of illumination is also provided by the 
tests on shutters for which the curves relating time with area are known. 

As the filters had not the same transmission at all wave-lengths, it was necessai 
to reduce them to the correct thickness empirically. This was done with 
apparatus in the following way, and it may be noted that if any variation of intensity 
were centrally symmetrical, as variations are of course most likely to be, the method 
of calibration would tend to reduce its effect on the final result when shutters are 
being tested. A set of circular apertures was made to fit into the shutter-hold 
the largest being 20 mm. in diameter and the remainder having areas 0-9, 0-7, o§ 
0-3 and o-r times that of the largest. Exposures were made through them a 
succession to successive apertures of the set without filters, figure 1 B. The secon ‘i 
set of apertures was then rotated into position and covered with a piece of the 
neutral glass in its original thickness, and an exposure was made to these apertures 
through the 20-mm. circular aperture. By measurement of the densities of the 
various bands, the glass was found to have an effective transmission of a li 
under ro per cent. From this figure estimates were made of the thicknesses giving# 
the required transmissions, and pieces of the glass, ground and polished to these 
thicknesses, were placed in the appropriate apertures. For the o-g-transmission 
aperture a piece of plate glass was used, as it was expected that the combine 
absorption and reflection losses due to this glass would reduce the transmission 
very nearly to the value in question. The previously described operations 
exposure through the apertures in the shutter-holder were again carried out. Whe 
the densities of the bands on the developed film had been measured, the densities 
of the bands exposed through the set of shutter apertures were plotted against the 
relative areas of the shutter apertures. The transmissions of the filters were th 
read off this curve from the value of the densities of the bands exposed through 
filters and the 20-mm. shutter aperture. This is allowable if the filters are in th 
final order on the diaphragm and if the exposures through the shutter apertu 
are made so that bands of the same nominal intensity (one through the filter a: 
one through the corresponding shutter aperture) are adjacent. For then b 
measuring the densities over small areas (1 mm. in diameter) close to the li 


* Process film was used since i 
illumination. 


t will, by its high contrast, exaggerate any non-uniformity 


—_ 
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ividing the strips, the effect of different light transmission through different parts 
f the condenser is almost eliminated. A nearer approximation to the required 
nickness is thus obtained. It has also been found in this way that alteration of the 
itensity of the pointolite lamp (by lowering of its temperature) is without measur- 
ble influence on the effective transmission of the filters. 


Transmission 


Time (sec.) Time (sec.) 


ne 
Scale of centimetres for shutter diagrams 


Figure 4. Experiments on shutters with known efficiency curves. 


Transmission 


0 0-01 0-02 0-03 0-04 0-05 
Time (sec.) 
Figure 5. Three commercial shutters. 


The transmissions of the filters as finally used were measured in the above way 


d found to be 
Le O'II, 0:28, 0°48;, 0°69, 0°89. 


It is regarded as very unlikely that any of these values is in error by more than 


+0°0I. 
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Tests have been carried out on two shutters for which the curves relating ar 
with time could be calculated. These consisted of sector apertures rotated at 
constant speed by a synchronous motor over either a sector-shaped or a circular 
fixed aperture. The shapes and sizes of the shutters are indicated in figure 4, 
together with the calculated curves relating area with time and the observed points. 
Two experiments were made on the first shutter and three on the second, and all 
observations are plotted. From these tests it appears to be unlikely that an experi- 
mental error greater than 0-02 in the transmission would be found anywhere on 
the curve. 

In figure 2 at c, d and e are shown the records obtained from three different 
commercial shutters all set to a nominal j. sec., and in figure 5 the efficiency curves 
derived from the records in the ordinary way. 
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ABSTRACT. The paper deals with certain anomalies in the amplitudes of the waves 
observed in near earthquakes, and their relation to the method of transmission across 
interfaces. It is suggested that amplitude-observations in seismic prospecting may help 
to solve these theoretical problems. A rediscussion of the time relations shows that these 
_ are so closely related to the structure immediately below the observing station that the 
form of the interfaces produces no other appreciable effect. 


OME years ago I published a paper™ on compressional waves in two super- 

posed layers, which appears to have attracted an amount of attention in 

seismic prospecting that I should never have anticipated. The work described 
in it was done with the object of finding out whether the possibility of diffraction 
along an interface would explain the observed variation with distance of amplitude 
of vibration in near earthquakes. It failed in its purpose in two respects, and I am 
not yet able to ascertain from the literature whether it succeeds any better in its 
application to seismic prospecting. Without wishing to appear ungracious, I think 
that it is desirable to call attention to the outstanding difficulties. 

The elementary theory of elastic waves from a local source shows that the 
amplitude should vary inversely as the distance.* In near earthquakes—those 
well observed at distances less than a few hundred kilometres—the observed 
amplitudes diminish with distance, but definitely less rapidly than the inverse 
_ square of the distance; the actual variation is irregular, but roughly as the inverse 
distance.t| This would be satisfactory if it were not for two complications. 
The motion of the ground depends not only on the incident waves, but also on the 
reflected ones, and for a P wave at grazing incidence the effects of these two just 
cancel.{ To explain the existence of any ground-motion it seems necessary to 
take the depth of the focus into consideration; but when we do this and allow for the 
conditions of reflection we find that a factor depending on the angle of emergence 
enters, and the result is that the ground movement should vary as the inverse square 
of the distance.§ This applies to direct waves. For waves that have travelled ina 
lower layer the angle of emergence is always finite, and this complication does not 
arise. But when the path in the lower layer is nearly horizontal the loss of energy 
by reflection in crossing the interfaces is very great. If we adopt the usual theory 
and suppose the energy to travel along the rays, correcting for this loss, we find 


* See reference (2), p. 282. + See reference (3), P- 400. 
+ See reference (4), P- 327- § See reference (4), P- 336. 
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that the variation of amplitude with distance disappears at short distances; the 
greater amplitude in the original wave is cancelled by the greater loss on reflection 
when the path in the lower layer is nearly flat.* This conclusion again disagrees 
with the facts, the observed amplitudes being again roughly as the inverse distance. 

My paper was intended to find out whether these results would be altered if we 
allow for diffraction at the interface and ignore the curvatures of the rays and the 
interface, the difference of which is what matters in the elementary theory. For its 
original purpose the work was a failure. The surface motion due to the direct wave 
was still as the inverse square of the distance. There was an indirect wave, which 
would not exist at all in these conditions on the ordinary theory, but it still disagreed 
with observation. If the direct wave begins with a finite velocity, the indirect one 
should begin with a finite acceleration; the shorter periods present in the direct wave 
should therefore be smoothed out in the indirect one. The acceleration also should 
vary as the inverse square of the distance. Actually the indirect wave, except for 
being smaller, is very like the direct one; and short periods are equally prominent. 

It seems to me that the amplitude relations are capable of only one interpreta- 
tion, namely that the angle of emergence of the direct waves is always finite and 
much the same at all distances, and that the same applies to the angle of emergence 
of the indirect wave at the interface. In this way the troublesome extra factors are 
avoided. But this cannot be achieved in accordance with the ordinary law of re- 
fraction. We seem to need scattering, such as occurs in the case of light at the surface 
of ground glass. In near earthquakes this may be due to minor irregularities in 
structure, and possibly in the form of the interface. How far this applies to the 
conditions of seismic prospecting I am not in a position to say, but I think that this 
field of study may give valuable information, since the form of the interface is there 
ascertainable. For comparison with the results of the study of near earthquakes I 
should like to know how the amplitudes do in fact vary with distance, whether there 
is any systematic difference between the direct and indirect waves in respect of the 
prominence of short periods and sharp onsets, and how these relations vary according 
as the interface is plane, anticlinal or, if possible, synclinal. In these respects seismic 
prospecting may make a valuable contribution to pure seismology. 

The various theories all give the same results for the times of arrival of the 
pulses. A little more discussion of ‘the effect that arises when the interface is not 
horizontal, however, seems to be desirable. In works dealing with seismic prospect- 
ing a formally exact formula, which is correct for a plane sloping interface, is usually 
given. But the time is obviously unaffected by the slope of the interface at any point 
other than those of entry into the lower medium and emergence from it, and if the 
interface is anticlinal the mean slope will in general differ from the actual slope at 
both these points. The exactness of the formula is therefore only apparent. There 
may be advantages in replacing it by an adaptation of the corresponding formula 
used in the study of near earthquakes. ‘The time 7’ of transit is fds/c, taken along the 
path, where ds is the element of length and c the local velocity. If v is the velocity 
at the lowest point of the path, x the horizontal distance reached, and e the angle 


* See reference (4), p. 340. 
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"emergence at any point (that is, the angle between the ray and the horizon), we 
in write this 


x sec eI 
T=*+|( . —*\ dx seen (1). 
ut if z is the depth, dzy=tan edx, and 
T=—+ |(ee*— =) coteds etn (2). 
Gee CU 
Where the stratification is horizontal we have, by the law of refraction, 
COS@=—ClUwe | (6 = > 7) © Fata (3); 
Co \(G- :) (=-1) * dz 
a o}\c & 
ee Teele 
="+| (4-33) to Ale Leg ee Gy, 


he root being taken positive on the downward path and negative on the upward 
ath(S), The coefficient of dz in the integral has been called the “delay depth 
oefficient” by A. W. Lee. For a single upper layer of depth H, with a surface 
ocus, we have 


x Lo ae 
T= +2H (1-2) bite (s). 
For a sloping interface equation (2) is still exact but (3) is altered, e being changed 
oy a small quantity of the order of the slope of the interface. But it is easy to see 
that the effect on (4) is negligible. We are still at liberty to consider a ray whose 
nclination in the upper layers is determined at every point by (3). In the lower 
layer we must consider it as straight but inclined to the horizon at a small angle «. 
For this part of the path 


sece I I 
: Agra ehas eee ee (6), 
and is small, of order «2/v. Hence to the first order in « the time of the ray is still 
given by (4), where the integral is taken through the upper layers with their actual 
thicknesses at the places of entry and emergence. 

Such a ray does not strictly satisfy the laws of refraction, because e is altered 
by quantities of the order of the slope of the interface at the points of entry and 
emergence. But the time of transit is stationary for small variations of the path, 
and therefore (4) differs from the true minimum time by small quantities of the 
order of the squares of the slopes. Thus, finally, if we write 


al rr @ 


s taken 


where the integral is taken through the upper layers and the root Is alway 
and in 


positive, the error committed is of the order of the squares of the slopes, 
practical conditions is negligible. When the result is stated in this form we see that the 
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delay in transmission due to the overburden depends on the velocities and on th ef 
depth of the overburden near the ends of the path, and only to an unimportant) 
extent on anything else.* 

As an example, let us consider explosions at two points O and A at a distance hy 
and suppose that there is a third point of observation P on the line joining they 
and distant x from O. The depths at O, A and Pare A, H,, H,. Denote the delay-+ 
depth coefficient by 7. ‘Then 

a 
To4= Lo- st (H,+ 2), 


x 
Torp=5t7 (H,+ Hs), 


Tsp=—— +9 (H, + Hs). 


Hence Torp+ Tap—Tos=2H3, 
so that H,, which is what we wish to know, is directly determined. This of co 

assumes that the velocities are known already. But if we have a further observation 
point Q distant y from O, where the depth is H,, we obtain 


Torp— Toa==—* +1 (H;—A,), 


Pe Tsp=" > —9 (H,—H,), 


whence v is determined by addition. The velocity in the overburden needs to t 
determined independently. 

This argument naturally adds nothing to the present technique, but it shows 
that the usual methods are more directly related to the depth to be found than might 
be supposed from the form in which the subject is usually presented. 


* JT gather from a referee’s remarks that a similar point has recently been made by Dr J. H. Jone 
but I have not yet seen his paper (7). 
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DISCUSSION 


Prof. A. O. RANKrNE. I am glad that the author has given the Society this re- 
discussion of the basis of the so-called refraction method in seismic prospecting. 
It is true that recently this method has largely given place to the reflection method, 
~ but it retains its importance as giving more information about the nature of under- 
ground strata. The author’s present contribution will tend to prevent waste of time 
in seeking formally exact solutions in structural problems which do not really 
justify the attempt. In particular it provides a means of mapping underground 
contours of small relief over large areas. As the author mentions, Dr J. H. Jones has 
at least partially recognized the closeness of the relation between local depth and 
time of propagation of the indirect disturbance, and has used it to map limestone 
contours in Persia. 

With regard to the author’s query as to whether the seismograms obtained in 
seismic prospecting may serve to elucidate the mechanism of the production of the 
indirect disturbance, I should say probably not, with the possible exception of those 
obtained with J. H. Jones’s seismometer. The majority of portable seismometers, 
having been designed primarily to detect the time of the first onset of the disturb- 
ance whether direct or indirect, are by no means free from resonance, and the form 
of the record is not a true representation of the earth’s movement. I suggest that 
the author should, if possible, examine some of the many seismograms Dr Jones has 
obtained from the point of view mentioned above. I hope that he will eventually 
be able to give us the true explanation of the phenomena, which are real enough. 


29-2 
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ADSORPTION OF GASES ON MERCURY 
By R. S. BURDON, University of Adelaide 


Communicated by Prof. Kerr Grant, November 12, 1934. Read in title December 21, 1934. 


ABSTRACT. A mercury surface was formed in the presence of a gas and the gas was 
pumped off after an interval. The mercury surface was then caused to collapse. This 
caused an evolution of gas which was measured with a McLeod gauge. For air, hydrogen 
and carbon dioxide the limiting amount evolved corresponded to a monomolecular layer. 
This layer appeared to be retained by the surface for a long period. If adsorption beyond 
a monomolecular layer occurred the subsequent layers were desorbed on evacuation. 


§1. INTRODUCTION 


OME years ago Prof. Kerr Grant suggested to the author the problem of in- 

vestigating the spreading of liquids, particularly water and aqueous solutions, 

on the surface of mercury. The discussion of the phenomena observed demands 
a knowledge of the surface tension of mercury both in air and against its own vapour, 
as well as of the interfacial tension between mercury and the liquids used. Reference 
has been made elsewhere to the extreme confusion in the literature regarding both 
the value of the surface tension of mercury and the action of gases on its surface, and 
several papers from this laboratory have described work carried out on these 
subjects"), 

Briefly the position was that workers using the method of the sessile drop 
obtained values of about 440 dyne/cm. for the surface tension of mercury against 
its own vapour, but for surfaces formed in gases the initial values were about 500 
dyne/cm., falling rapidly at first and then more slowly to the value for vacuum or 
lower. ‘These results were accepted by authors of standard text books. Now the drop- 
weight method is almost the only other one than can be applied to determine surface 
tension both in gases and in a vacuum, and experiments made here™ as well as the 
very careful work of Harkins® showed that this method yielded very nearly the 
same value for the surface tension in air as in a vacuum. There was thus the problem 
of the actual value of the surface tension of mercury and also of the behaviour of its 
surface with respect to gases. By means of an apparatus constructed of fused silica 
and the method of the sessile drop the surface tension was determined in a high 
vacuum and also in the presence of air, both dry and moist®, This yielded essen- 
tially the same value for the surface tension in gas and in a vacuum (as was indicated 
by drop-weight measurements), and showed that differences between these values 


observed by various workers could not be attributed merely to the presence or 
absence of the gas. 
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The question whether gases were really adsorbed by the mercury was attacked 
by Oliphant® who found that drops of mercury formed in an atmosphere of 
either argon or hydrogen containing as much as 2 per cent of carbon dioxide 
became almost completely covered with a layer. of molecules of carbon dioxide 
by the time the drops had fallen 1 ft. through the mixture (i.e. within } sec. after 
formation). Bosworth” confirmed this result and extended the measurements to 
sulphur dioxide and to water vapour. These apparently represent the first direct 
measurements of the amounts of gas adsorbed at a mercury surface, though Ire- 
dale“ had estimated the adsorption of vapours by applying the Gibbs adsorption 
equation to measurements of surface tension, and Sissingh and Haak“ and more 
recently Herschkowitch“” have estimated the condensation of gases on the surface 
from variations in the optical properties of the surface when exposed to the gas. The 
theory of this last method has been discussed by Tronstad and Feachem 7). 

Oliphant’s results for carbon dioxide in hydrogen leave three possibilities as to 

the behaviour of these gases and hydrogen: (i) that carbon dioxide but not hydrogen 
is adsorbed by the expanding mercury surface; (ii) that hydrogen is adsorbed but that 
its life on the surface is extremely short compared to that of carbon dioxide; (iii) that 
hydrogen by itself may be adsorbed and persist on the surface but that the presence 
of the carbon dioxide actually causes the hydrogen to be desorbed. 

Either the first or the second of these assumptions gives a simple picture of the 
process occurring at the surface but neither of them can be reconciled with the 
results of the present work or with sundry observations recorded in the literature“ 
regarding the reaction of hydrogen and mercury. Bosworth’s results indicate that 
when carbon dioxide and water vapour are each present, the relative amounts present 
in the adsorbed layer and in the gas are not the same, as would be the case if each 
kind of molecule were adsorbed on impact and had a considerable life on the mer- 
cury surface independently of the other active substance*. 

The aim of the present work was to determine whether gas adsorbed on the 
surface of mercury leaves the surface as the gas pressure above it is reduced to low 

values, and if it does not, to measure directly the amounts adsorbed by both static 
and expanding surfaces. Calculation shows that a monomolecular layer of gas over 
a surface of moderate area involves a quantity of gas sufficient to give a measurable 
pressure in an apparatus having a volume of a litre or more. Owing to the vapour 
pressure of the mercury itself it was impossible to use any of the special types of 
manometer such as ionization or Pirani gauges, and a McLeod gauge giving a 
reading of 2-3 cm. for a pressure of 0-001 mm. was used. 

The original idea was to form a surface some 400 cm? in area in a flat chamber in 
the presence of the gas, to exhaust to a low pressure, and then to measure the gas 
evolved when the surface was destroyed by allowing the mercury to flow out 
through a narrow tube at the bottom. It was necessary to be able to form the surface 


* Bosworth’s results are of course also explicable if we assume that only a fraction of the 
molecules striking the surface are adsorbed and that this fraction is different for different gases, 
but the available evidence does not appear to contradict the view that practically all the molecules 


which strike a metal surface condense thereon. 
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and to run the mercury out with the apparatus exhausted without the use of any 
taps, lubricated or otherwise, since lubricants would contaminate the surface and 
unlubricated taps either seize or else slip out under the weight of a large head of 
mercury. an. 

The flat chamber was prepared by grinding a circular depression in a slab of 
3-in. plate glass and covering it with a similar slab, the two being sealed together 
by a special optical cement. After much trouble it was found that even such thick 
glass always yielded sufficiently under atmospheric pressure to crack the seals. 
Though leak could be prevented by an outer plastic coating round the seal there 
remained the probability of gas being entrapped in cracks in the seal and slowly 
escaping to vitiate the measurements, especially as the whole quantity of gas 
expected in the apparatus would be less than o-oor c.c. at atmospheric pressure. 
Accordingly the flat chamber was replaced by a vessel made from a tube of pyrex 
glass of large size and the apparatus redesigned and constructed wholly of pyrex 
glass sealed into one piece. The new chamber only permitted a much smaller surface 
being formed (60 sq. cm.), but a monomolecular layer over this area would yield 
gas sufficient to give a pressure of about 0-oo12 mm. in the apparatus and this could 
easily be measured with the required accuracy. Moreover the new apparatus could 
be strongly heated, thus making it much easier to remove water from the glass walls 
and so bring them to a steady state in regard to adsorption and emission of gases. 


§2.. APPARATUS AND METHOD 


The vessel B, figure 1, was made from pyrex tubing 7 cm. in bore. It was fixed 
almost horizontally as shown, so that mercury from A could be allowed to flow into 
it, forming a surface of area 60 cm? The mercury reservoir A was situated about 
3 ft. from B and connected thereto by glass tubes C and D about 2 mm. in bore. 
These were sufficiently flexible to permit A to be raised or lowered through a 
distance of 6 or 7 cm. The tube D allowed the gas in A to adjust itself to the same 
value as in the rest of the apparatus. The reservoir 4 was carried on the slide-rest 
of a lathe. This was firmly bolted to the bench in a vertical position, enabling A 
to be raised or lowered fairly quickly and without risk of exceeding the limit of 
flexibility of C and D or of imposing irregular strains on them. Thus the mercury 
could be caused to flow into or out of B without the use of taps or valves and in- 
dependently of the gas pressure in the apparatus. 

B was sealed directly to the Langmuir pump and McLeod gauge by wide tubing 
to allow rapid pumping and equalization of pressure in the apparatus. The pumps 
were not mounted on the same bench as the apparatus, so that their operation would 
entail a minimum of vibration of the mercury surface in B. 

The narrow tubes E and F, open at the lower ends, dipped into vessels of mer- 
cury so that when the apparatus was exhausted the mercury stood just below the 
join as at K. Hence when the vessels G and H were raised, the chamber B and the 
gauge were isolated from the rest of the apparatus by mercury cut-offs, so that any 
gas evolved from the mercury could produce a maximum increase in pressure and 
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be measured more rapidly. Even if a leak were to occur at the gas-inlet M or the 
mercury seal L it would not affect the reading when G and H had been raised. To 
attain rapid pumping it was necessary to avoid having to evacuate A iipvogh the 
long narrow tube D and this was done by raising H a few seconds after starting the 
pump, when the pressure would have fallen to a fraction of a millimetre. 

; During the construction of the apparatus the glass tubing was carefully cleaned 
and the separate parts were again cleaned before being sealed together in situ. The 
whole was then steamed out and dried with an air current before being sealed to the 
pump. ‘lo remove occluded moisture from the walls the apparatus was heated for 
some time while subject to high vacuum. For this purpose B was surrounded by a 
woven electrical resistance and the narrow tubes were wound with thin wire and 
heated electrically. The wide tubes could be safely heated with a flame. The mercury 
was cleaned by distillation under reduced pressure in a slow air current and by 
washing, as described elsewhere™®. 


Figure 1. 


To place the mercury in the apparatus, A was lowered as far as possible, some 

/ mercury was poured in, and the seal L was closed. The apparatus was then ex- 
- hausted and the tube was made hot by means of its winding of wire, after which A 
was slowly raised. This avoided the possibility of any gas being trapped in C or N, 
the mercury being actually boiled in each of these. The mercury could be removed 
for re-distilling by snipping off the tip of N. 

An experiment consisted essentially of the following operations: (a) gas was 
admitted up to the required pressure through inlet M; (6) A was raised and a 
mercury surface of area 60 cm? was thus formed in B; (¢) after an interval the gas 
was pumped out, E and F were closed as has been explained, and the pressure was 
measured; (d) A was lowered causing the surface to collapse, the mercury flowing 
out till it stood at the top of the tube N; (e) the pressure of gas in the apparatus was 


measured. 
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ADSORPTION BY WALLS OF APPARATUS 

e direct measurement of adsorption, the gas has 
d the reduction of this pressure was noted 
not subjected to large changes of pressure 
in charcoal) was large compared with the 


§3. EFFECT OF 


In most previous work on th 
been admitted at a low pressure only an 
as adsorption proceeded. ‘The walls were 
and the area of adsorbing surface (e.g. 
walls, though this area was not usually directly measurable. 

In the present experiment the mercury surface represents only a few per cent of 
the area of the inside of the apparatus. Moreover the walls are alternately subjected 
to atmospheric pressure of gases and then a pressure of 10-* mm. Hence it was 
necessary to consider the possibility that adsorption and desorption of the glass 
might complicate or perhaps obscure the effects due to the mercury. Tests were 
made, without mercury in B, of the rate at which gas was evolved from the walls 
after these had been exposed to gas at varying pressures and for varying periods. 
These tests showed that once the glass had been thoroughly dried by prolonged 
heating in a high vacuum it became consistent in behaviour. Since the experiments 
involved the use of only dry gas, and since the apparatus did not vary appreciably 
in temperature, the simple procedure outlined below enabled the gas evolved from 
the mercury to be measured with sufficient accuracy. Observations were also made 
of the effects of raising the temperature of the apparatus through roo° C., and it was 
found that though consistent results were obtained the amount of gas evolved was 
sufficiently large to make it difficult to disentangle the effects due to the mercury 
from those due to the walls. An interval of 5 min. was found sufficient for the pumps 
to give the necessary stage of exhaustion, and this period also allowed the mercury 
to flow either into or out from B and become stationary. 

In making an observation gas was admitted to the required pressure and A was 
then raised, causing the mercury to flow into B, where it was allowed to stand for 
periods varying from a few minutes (the time for the mercury to come to rest) up 
to several hours. The condensation pump being already hot, the backing pump was 
started and the cut-off at E was raised after a few seconds and that at F after 5 min. 
‘The pressure was then read on the gauge and the reading was repeated, usually at 
5-min. intervals. During one of these intervals A was lowered, destroying the 
mercury surface in B. ‘The graph of pressure against time shows by a sudden rise 
in this interval the effect of the gas liberated from the mercury, and this can be 
quite well separated from the slow evolution of gas from the walls, even though this 
factor varied considerably with the pressure of gas and the time it had been retained 
in the apparatus. By variation of the period between exhaustion and collapsing of 
the surface it was shown that the adsorbed gas was retained by the mercury for a 
considerable time. 


§4. ADSORPTION AND LIFE OF CARBON DIOXIDE ON THE 
SURFACE OF MERCURY ' 
The gas was admitted from a high-pressure cylinder through a series of drying 
tubes and filters of glass wool. A thin rubber diaphragm over a side tube acted as a 
safety valve to protect the apparatus against high pressures. 


i 
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A pressure of 10~* mm. would correspond to a total of 29 x 10" molecules at 
laboratory temperature in the whole volume of B, the gauge, and the wide connect- 
ing tube. A monomolecular layer of gas over the 60 cm* of mercury would, on com- 
plete desorption, yield approximately 34 x 10! molecules and thus cause a rise in 
pressure of 12x 10-* mm. 

In figure 2 a typical selection of curves is given showing the rise in pressure 
which occurred on collapse of the surface, the time in each case being measured 
from the instant when the cut-off F was raised. Other details of the experiments are 


x 104) 


Pressure (mm. 
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Time (min.) 
Figure 2. x indicates point at which surface was collapsed. A: CO,, p=10 cm., exposure 2 h. 
B: Hg admitted first, fen 12) cm, of COs.) Cs CO,, p=8 cm., exposure yacriey, UD)e COs 


p= 36 cm., exposure 20 min) Bi: COs, p=70 cm; exposure ath. F: CO,, p=76 cm., 
exposure less than 10 min. 


given below the figure. The curve B indicates the small amount of adsorption 
detected when the mercury surface was formed ina fairly high vacuum and the carbon 
dioxide subsequently admitted. A comparison of the curves shows how much less 
readily adsorption occurs under such conditions than in the case when the surface 
is formed in the presence of the gas. This fact is in keeping with comments by 
writers on the differences observed between a static mercury surface and one that 
is expanding or freshly formed. The observed rise in pressure due to liberation of 
carbon dioxide varied from about 4 x 10-4 mm., when the surface had been formed 
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in carbon dioxide at a pressure of 8 cm., to almost 12 x 10-4 mm. when the surfac 
had been formed in the same gas at atmospheric pressure. The latter amount 
corresponds to practically a complete monomolecular layer. The time of exposure, 
as was expected, had little effect on the amount of gas retained by the surface. It is 
just possible that very long exposure resulted in less gas being recovered (as in C) 

owing perhaps to something replacing the carbon dioxide on the surface. The 
observed variation of the amount adsorbed with the pressure of gas is hardly to be 
expected, however, if the adsorbed layer of gas is retained by the surface; see § 6.” 
On a number of occasions the mercury surface was formed in gases at pressures” 
of about o-oo1 mm., but in no case did measurable adsorption occur at this pressure | 
under the experimental conditions pertaining. ! 


§5. MEASUREMENTS ON HYDROGEN AND DRY AIR ! 
Experiments were also carried out with hydrogen, which was passed througha tube — 
containing heated platinized asbestos before reaching the drying train. Measurements 
showed the same general features as in the case of carbon dioxide, the gas being | 
retained by the surface on evacuation as was indicated by the observations of Cook %) © 
7 
| 


Pressure (mm. X 10°) 


0 10 20 30 40 . 50 
Time (min.) 


gues: G: Hg, p=40 cm., exposure 35 min. H: Hy, p=40 cm., exposure 35 min. 
: Air, p= 45 cm., exposure 5 min. L: CO,, p=50 cm., exposure 10 min. 


though there was some suggestion that the mercury surface would lose some of the 
adsorbed hydrogen more easily than it lost carbon dioxide. Curves G and H figure 

are for readings made some months apart. The curve K is for air admitted throu x 
the drying tubes and indicates an adsorption of the same order as for hydro by 
though it is of course possible that the adsorbed gas did not have the camera 
tions of oxygen and nitrogen as the air. Curve L is for carbon dioxide when a fe 
of nearly half an hour elapsed between the evacuation and collapse of the varied 
The flatness of the curve both before and after collapse of the surface indicated 
that the adsorbed layer was not being lost at an appreciable rate in a vacuum of 


2x 10-4 mm., and also shows that v i 
ery little gas was evolved f 
rate after the first 5 min. 3 ican! 
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' Tests were made at times of the effect of bumping the apparatus before collaps- 
ing the surface and it was found that the surface could be caused to oscillate a good 
deal without any appreciable evolution of gas. 


§6. DISCUSSION OF RESULTS 


‘When a mercury surface is formed in any of the gases carbon dioxide, hydrogen, 
or air an adsorption occurs at the surface, the limit apparently being a mono- 
molecular layer, which in these experiments was only approached as the gas ap- 
proached atmospheric pressure. Little, if any, other work has been published with 
reference to direct measurements of adsorption of gases on mercury. Both Oliphant 
and Bosworth measured the amount of gas adsorbed selectively from mixtures at 
atmospheric pressure, and by using a shower of drops ensured that they were always 
dealing with a freshly formed surface. This is an important consideration since 
even under the very best experimental conditions the properties (e.g. the surface 
tension and the photo-electric effect) of a mercury surface at rest are seldom 
found to agree with those of an expanding surface. 

Sissingh and Haak“ in 1919 observed the change in optical properties of 
mercury with time of exposure to air and estimated that the thickness of the 
adsorbed layer was about 1-64. More recently E. Herschkowitch®”, working on 
the same subject, has reported that neon and nitrogen produce no measurable effect 
but that hydrogen, oxygen, and carbon dioxide appear to be absorbed in layers 
varying in thickness from 5 to 15 molecular diameters. ‘Vhe present work makes it 
clear that if such thick layers do condense on the surface then all layers beyond the 
first must be so loosely bound as to be at once desorbed on evacuation, whereas 
the first layer appears to have an almost indefinite life on the surface. Herschko- 
witch”) does in fact record a partial recovery of the mercury surface when the 
space above it is evacuated, which suggests that part of the observed optical effect 
_ ig due to an adsorption which is reversed on evacuation. 

Stoeckle“ records an evolution of gas from a mercury surface and Cook“ 
records the following observations in his paper on the surface tension of mercury: 
Tn one case the tension of mercury in contact with hydrogen at 0°00015 mm. 
' remained constant at 421 dynes over a period of 8 min. On spilling a drop from the 
mercury (thus breaking the surface) the tension immediately rose to 463 dynes and 
remained at this value for 14 min. Simultaneously the pressure of hydrogen rose to 
0-00048 mm.;”” and later ‘“‘the tension in hydrogen decreased from 475 dynes to 
484 dynes in 20 min. while the pressure fell from 00037 mm. to 00020 mm.” The 
significance of the periods of time stated is not clear, but it does appear that under 
the conditions which must be attained for accurate surface tension measurements 
the mercury adsorbs hydrogen at quite low pressures. The figures given by Cook 
show that an evolution of gas sufficient to raise the pressure by 0:00033 mm. was 
accompanied by a rise of 52 dyne/cm. in surface tension, yet a fall of only 11 dyne/cm. 
- was accompanied by a fall in pressure 0-001'70 mm. If these figures could be taken 
as due to effects occurring at the mercury surface only, it would mean that the 
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adsorption per fall of 1 dyne/cm. in surface tension was more than 25 times as gr C 
as the amount desorbed for an equal rise in surface tension. In the absence of any 
other information about the actual conditions obtaining, it seems most probable that 
all the gas evolved came from the mercury but that the glass walls were contributing 
to the observed adsorption, since it is unlikely that actual solution of the gas in the 
mercury could account for more than a fraction of the difference. 

The significance of the variations of the amount of gas evolved from the surface 
with the pressure of gas to which the surface was exposed is by no means clear. 
Since the adsorbed molecules have a long life on the surface, it is to be expected that 
a complete monomolecular layer would be adsorbed and retained from gas at a 
pressure of 8 cm. equally as well as from gas at atmospheric pressure.. There is, 
however, a striking parallelism between these results and those obtained for the 
surface tension by some of the workers using the method of the sessile drop. Thus 
Popesco >) found the initial value of surface tension highest for a surface formed in 
gas at atmospheric pressure, with lower values when the surface was formed in gas 
at lower pressures, the lowest value being for the surface formed in a vacuum; but 
that the subsequent admission of gas to the surface did not cause any rise in the 
surface tension. Consistently with this the author finds that very slight adsorption 
occurs when the surface is formed in a vacuum and the gas admitted later, and that 
for a surface formed in the gas the adsorption is larger for higher pressures. 

Explanations of the above-mentioned variations of surface tension have been 
advanced in terms of the orientation of the molecules to positions of minimum 
energy. These explanations are open to objection and it is in fact now found that 
the surface tension of mercury is not lower in a vacuum than in gases. In spite of 
the work of Hiss and others, N. K. Adam ® concludes that there is no satisfactory 
evidence that the surface tension of any pure liquid changes with time. The low ; 
values of surface tension of mercury must be ascribed to some factor acting as a 
contamination, though it has never been possible to establish the nature of this | 
contamination. In the present work, owing to the effect of the glass it was useless ; 
to proceed to the very high vacuum obtained by prolonged degassing, and it is — 
probable that the same influences which caused the lower surface tensions at reduced — 
pressures were present here, this contamination occupying some of the surface and . 
preventing adsorption at very low pressures. Cook, was able, however, to detect 
the adsorption when working under the conditions necessary for surface-tension 
determinations. The present work shows that it is possible to measure adsorption _ 
on mercury by a direct method. 'The advantage of having a perfectly definite area of | 
surface (as contrasted with the surface-area of charcoal, powders, or crystalline — 
aggregates) is largely offset by the uncertainty which still exists as to the actual 
cause of the variations to which reference has just been made. Evidence indicates, 
however, that adsorption approximately to the extent of a complete monomolecular — 
layer occurs on mercury surfaces formed in gases at moderate pressures, the adsorp- 
tion probably being complete by the time the surface has come to rest. This layer 


persists on evacuation in spite of considerable oscillation of the surface, but is 
liberated when the surface is destroyed. 
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Freundlich accepts the view that the fall in surface tension in gases is due to 
adsorption, and says that no fall of value with time occurs in a vacuum, as is to 
be expected with an unassociated liquid. No suggestion is offered as to the cause 
of the higher initial values for gases which are quoted. Freundlich further states 
that the adsorption is very rapid, “the process requiring a finite time being a 
diffusion in a very thin layer.” A critical survey of all the available data on the 
effect of gases on the surface tension on mercury shows that agreement between 
workers is far from satisfactory. There seems no doubt that a monomolecular layer 
is adsorbed practically before any appreciable fall in surface tension has occurred. 
If this single layer is the cause of the fall in surface tension observed by various 
workers over periods of hours or days, the adsorption and surface tension can 
scarcely be connected by an equation such as that of Gibbs. 

On the other hand if the subsequent fall in surface tension is due to the adsorp- 
tion of polymolecular layers (the existence of which is suggested by Herschkowitch 
and others) it is not to be expected that these layers should be desorbed so readily 
in comparison with the initial layer. It is of course possible for a large reduction 
of surface tension to be caused by a layer that is lost on evacuation. Some un- 
published observations by Prof. Kerr Grant show that the surface tension of water 
falls by over 20 per cent. in the presence of ether vapour, but recovers almost 
completely as soon as the ether vapour is allowed to escape. Moreover S. G. Cook 
does record a considerable recovery in the surface tension of mercury which has 
been exposed to air or oxygen if the pressure of the gas is lowered, though it never 
rises to the initial value for a vacuum. ‘The mercury requires a long time to reach 
equilibrium with a given pressure of gas whether the pressure is being increased 
or decreased. These observations of Cook suggest a slow adsorption that is more 
or less reversible as a possible cause of the variation in surface tension, though 
any such slow desorption was not detected in the present work. 


§ 7. CONCLUSIONS 


The conclusions reached in this paper may be summarized as follows. Adsorbed 
carbon dioxide or hydrogen to the extent of a monomolecular layer is retained 
_ by the mercury surface on evacuation. The adsorption is readily observed when 
the mercury surface is formed in a gas but not when the gas is admitted to a 

surface which has been formed in a vacuum. It seems more probable that this is 
due to something acting as a contamination than to some inherent property of the 
mercury causing changes in the transition layer at the surface. If more than a 
single layer of gas molecules condenses on the surface the subsequent layers are 
lost on evacuation. 

Though the mercury surface, from its uniformity and definite area, should be 
ideal for quantitative work on gas-adsorption on a metal, the phenomena observed 
are at present too complex to be embraced in a single theory. For processes 
occurring during the actual formation of the surface it 1s probable that the theory 

- of adsorption at liquid surfaces applies, but this sheds little light on processes 
occurring after the surface has come to rest. 
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“A negative-resistance device and its application to harmonic 
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Remarks in discussion by Prof. E. N. pa C. ANDRADE, F.R.S., vol. 47, 
P. 777: 

for the velocity of sound for CO, has a minimum in the supersonic region 


read the velocity of sound for CO, has a maximum in the supersonic region 


471 


621.3.018.362 1.396.645.22 


A NEGATIVE-RESISTANCE DEVICE AND ITS 
APPLICATION TO HARMONIC ANALYSIS 


Byes Wo OATLEY, M.A., M.Sc. 
University of London, King’s College 


Received November 24, 1934. Read March 1, 1935. 


ABSTRACT. A description is given of a negative-resistance device which is very similar 
in principle to the kallirotron amplifier described by L. B. Turner. It is shown that when 
this device is used to decrease the effective resistance of a tuned circuit no appreciable 
distortion of the resonance curve of the circuit is produced. A method is given whereby 
the effective resistance of the tuned circuit may quickly be adjusted to any predetermined 
value. 


-§1. GENERAL PRINCIPLES 


EGATIVE-RESISTANCE devices have found many interesting applications 
N since the introduction of the dynatron by Hull in 1918. Shortly after this 
date Turner published an account* of a circuit, termed by him the “‘kalli- 
rotron amplifier”, in which a negative-resistance effect was obtained without the 
aid of secondary electron emission. About five years ago the present author, who at 
‘that time had not seen Turner’s paper, devised a very similar circuit which has 
since been used in the manner described below. In view of the facts that ‘Turner’s 
paper is not very generally accessible and that the kallirotron differs in certain 
practical details from the author’s circuit, a brief description of the latter will first 
be given. 
Consider the circuit of figure 1. The condensers C, and C, are inserted merely 
for the purpose of preventing the flow of direct current and we suppose them to be 
so large that their reactances are negligible. The resistances R,, R, and R, are so 
large that currents flowing through them may be neglected in comparison with 
‘the anode current of the valve V,. Suppose an alternating e.m.f. of magnitude E to 
- be applied between the terminals A and B. ‘Then some fraction bE of the e.m.f. is 
- applied between grid and filament of V,, where b is a constant lying between o and 
- x and depending on the setting of the potentiometer R,. Since R, is large, the 
e.m.f. applied between the grid and filament of V, will be nearly equal to — pbk, 
where p is the amplification factor of V,. If the mutual conductance of V, be k the 
alternating component of current flowing through this valve will be —pkbE. Since 
currents in other branches of the circuit are negligible in comparison with this, 
we have the result that the application of the e.m.f. E gives rise to a total current 
__—pkbE. Thus, looked at from the terminals AB, the circuit is equivalent toa 
resistance —1/pkb so far as alternating currents are concerned. Taking as typical 


* L. B. Turner, Radio Review, 1, 317 (1920). 


R,, Rk, 


b, R 
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ring that 6 can vary between o and 1, Ww 
lie anywhere between 
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values p=25, k=1mA./V., and remembe 
see that the value of the negative resistance can be made to 
—4o and —0 0. 


Comparing the present arrangement with a dynatron we see that both requir 


the circuit in which they are connected to offer a passage to direct na ‘ 
regard to frequency-range the present device will operate successfully ee abou 
20.C: /sec. to 100 kc./sec. At higher frequencies inter-electrode capacities becom 


important; with care the upper limit might be extended, but experiments in thi 
low 20 cycles per second the blocking con- 


direction have not been carried out. Be : 
possible to use batte 


densers have to be made inconyeniently large, but it is 


Ci 


-10000 +9000 
Figure 2. 


coupling instead. On the whole, however, the dynatron is to be preferred if the 
range of frequencies to be covered is very wide. With regard to stability of charac- 
teristics, the present device has the great advantage that, unlike the dynatron, it 
does not depend upon the somewhat erratic phenomenon of secondary emission, 
and there is no reason why it should vary in performance any more than does a 
simple low-frequency amplifier. 

Another very important advantage over the dynatron lies in the range of values 
of negative resistance which can be obtained. With ordinary receiving valves 
it is difficult to obtain by the dynatron method resistances lower than some 
10000 {2. in absolute value, whereas with the present device negative resistances 
as low as — 40 2. are easily possible. Admittedly one can always obtain a low value © 


of negative resistance by placing a positive resistance in series with a dynatron, but 
. 
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the practice is not to be recommended. Thus in figure 2 if we place a positive 
resistance of gooo (2. in series with a negative resistance of —10000 due to a 
dynatron, the effective resistance between A and C is — 1000. However, if the 
maximum permissible voltage across the dynatron be V, the voltage between A 
and C must not exceed V//ro and this limitation may be serious. Furthermore, if the 
resistance of the dynatron should change accidentally by 1 per cent, the verictende 
between A and C would change by 10 per cent. 

One final advantage of the present device is the ease with which the magnitude 
of the negative resistance can be changed merely by varying the setting of the 
potentiometer R,. 


§2. APPLICATION TO HARMONIC ANALYSIS 


The simplest type of electrical harmonic analyser is that in which the various 
components of a complex current wave are selected one by one by means of a sharply 
tuned resonant circuit and measured with a thermoammeter or other suitable 
device. In practice the chief difficulty is to obtain circuits of sufficiently low re- 
sistance to enable the various components of current to be effectively separated. 
However, this difficulty can be overcome by the use of the negative-resistance 
device described above. 


- Q 


(a) (db) 
Figure 3. 


To a first approximation, the resonant circuit of figure 3 (a) may be replaced by 
the equivalent circuit of figure 3 (6), where k= L*w?/r and the approximation will be 
sufficiently good for our present purpose provided that Lw/r be not less than 10. 
Coils for which this is the case are not difficult to construct except at the lowest 
acoustic frequencies. If now we connect the points P and Q, figure 3(b), to the 
terminals A and B of the negative resistance circuit of figure 1, we shall place a 
negative resistance, R’ say, in parallel with R. The resulting equivalent shunt 
resistance of the tuned circuit will be RR’/(R+R’), and theoretically this can be 
made as large as we please by suitable choice of R’. The practical limit is set by the 
tendency of the circuit to oscillate spontaneously. 

The above arrangement is, of course, simply one method of 

to a tuned circuit. Its advantage over most other methods lies in the ease and ac- 
30 


applying reaction 
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i i distunin 
curacy with which the reaction can be controlled, the freedom from any 


effect due to reaction, and in the fact that it can be used with circuits tuned to quit 


low frequencies. 
§3. PRACTICAL DETAILS 


If instability is to be avoided, the useful range of values of negative resistance 
will be from —R to — 0, and in most cases R will not be less than about T0000 QO. 
If the circuit of figure 1 be used as it stands, the whole useful range of variation of 
the negative resistance will be covered by a very small movement of the potentio- 
meter slide, and fine control will be impossible. The minimum obtainable value of 
negative resistance could be increased to roooo 22. by reducing the values of Ry, 
R,, or R;, but such methods are objectionable because they amount to placing a 
positive resistance in parallel with the negative one. In sucha case a small accidental 
variation of either the positive or the negative resistance would cause a much larger 
percentage variation of the combination of the two. A better method of increasing 
the minimum value of negative resistance is to place a suitable resistance in the anode 
circuit of V, and another between R, and C,. If the first be made several times as 
large as the slope resistance of V, it will greatly reduce the effect of any accidental 
variation of this quantity (due, for example, to fluctuation of battery voltages), 
while the second resistance in series with R, can be chosen so that the requisite range 
of values of negative resistance is just covered by the full movement of the potentio- 
meter slide. 


§4. EXPERIMENTAL RESULTS 


Since a harmonic analyser should be capable of giving quantitative results, it 
is necessary to ascertain whether the addition of the negative-resistance device to a 
tuned circuit causes any distortion of the resonance curve apart, of course, from the 
change to be expected from a decrease in the effective resistance of the circuit. To 
test this point a series resonant circuit consisting of a coil having an inductance of 
1 H. and a condenser of capacity 0-0397uF. was set up. A small e.m.f. of the 
correct frequency for resonance, about 800 c./sec., was induced in the coil and the 
p.d. across the condenser was measured with a valve voltmeter. The negative- 
resistance device, connected in parallel with the coil, was adjusted until the circuit 
was sharply tuned. A variable air condenser connected across the main condenser 
enabled the tuning of the circuit to be varied over a small range of values, and in 
this way data for a resonance curve were obtained. The results are shown in the 
table, where the figures in the first column refer to settings of the air condenser 
and those in the second to the readings of the valve voltmeter. The values in the 
last column are calculated from the formula for a series-tuned circuit. In applying 
this formula we need to know the effective resistance of the circuit and also the 
e.m.f. induced in the coil. These two quantities are calculated from the observed 
maximum and minimum readings of the valve-voltmeter, marked with an asterisk 
in the table. It will be seen that the remaining voltmeter readings are in good 
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agreement with the calculated values. In this particular example the effective 
resistance of the circuit is found to be about 6-7 Q., corresponding to a voltage- 
magnification at resonance of 750, which is many times as great as would have been 
obtained without the use of the negative resistance. 


0 V (observed) V (calculated) 
69 40°'0* 40°0 
68 48:0 48°7 
67 61'0 59°1 
66 76:0 13°4 
65 gI‘o 88:3 
64 1030 TOI'S 
63 I10'0* I10'0 
62 1080 108-0 
61 98-0 IOI‘O 
60 85:0 87°7 
59 720 72°7 
58 57'0 58°5 
Bu 48:0 48°7 
56 40°0 39'8 


§s. DETERMINATION OF THE EFFECTIVE RESISTANCE 
OF THE CIRCUIT 


When a series-tuned circuit is used in conjunction with the negative-resistance 
device, the effective circuit resistance can always be found by the method described 
above, but this would be too tedious when the circuit was being used to separate the 
various components of a complex voltage wave, since the effective resistance would 
alter every time the circuit was tuned to a fresh component. The following more 
direct method was therefore tried. 

If the negative resistance be gradually decreased, a point will be reached where 
the circuit is on the verge of spontaneous oscillation. In practice this point is quite 
- clearly defined and obviously corresponds to an effective circuit resistance of zero. 
If, having brought the circuit to this state, we now insert an extra resistance P in 
series with the inductance, then P should be the total effective circuit resistance 
and can be chosen to have any desired value. Preliminary tests of this method gave 
unsatisfactory results and the trouble was eventually traced to the fact that the 
resistance P is traversed by the direct current flowing in the negative resistance 
device and the addition of P therefore changes the value of the negative resistance. 
The difficulty was overcome by placing P in series with the condenser instead of 
with the inductance. 

As a quantitative test of this method the following experiment was carried out. 
The tuned circuit (inductance 1 H., capacity o-1pF.) was brought to the verge of 
oscillation by adjustment of the negative resistance and a resistance of 1 Q. was then 
connected in series with the condenser. An e.m.f. of the resonant frequency was 
next induced in the coil and adjusted in magnitude till the valve voltmeter showed 
a full-scale reading. The resistance in series with the condenser was then increased 
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to 2 Q. and, as a result, the voltmeter reading dropped to 0-51 of its previous value. 
The experiment was then repeated, the resistance in series with the condenser being 
at first 2 Q. and subsequently increased to 4 Q. This time the first voltmeter reading 
was exactly twice the second. Two further steps gave the same result and brought 
the nominal effective circuit resistance up to 16 Q. The actual effective circuit 
resistance was then determined by the distuning method and found to be 15-6 Q. 
The difference between these two values is probably not greater than the experi- 
mental error in the second determination. It thus appears that the method described 
above provides a satisfactory means of adjusting the effective circuit resistance to any 


desired value. 


DISCUSSION 


Dr L. HartsHorn asked whether the same circuit would serve for the whole 
range of audio frequencies. 

Dr A. B. Woop asked whether the negative resistor contained any reactive 
component; if so, it might make a good oscillator. 

The AUTHOR replied that the apparatus worked satisfactorily over the range 
from 100 to 10,000 c./sec. The negative resistor contained only a negligible reactive 
component if the condensers C,, C, were large enough, but could be converted into 
a good oscillator for the range from 50 to 10° c./sec. 
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A NEW SELENIUM-SULPHUR RECTIFIER 
PHOTOELECTRIC CELL 


By G. P. BARNARD, B.Sc., A.Inst.P., Grab.1.E.E. 
The National Physical Laboratory 


ABSTRAC T. The paper describes a method by which a new selenium-sulphur rectifier 
photoelectric cell may be constructed, and gives the results of the first part of a full in- 
vestigation of the physical behaviour of these new cells. The results are related to the 
details of construction of the cell, so as to show how far they support the theories of 
A. H. Wilson and of Frenkel and Joffé. A number of simple equations expressing the 
performance of the cell have been deduced. 


Sire INTRODUCTION 


electric cell has recalled into prominence the contact photoelectric phenomena 
observed by Uljanin.” Uljanin annealed a thin layer of selenium between 
two plates of glass; the glass surfaces in contact with the selenium were covered 
with semitransparent metal films which formed the electrodes of the cell. He found 
that when the selentum was ‘Illuminated through one of the semitransparent metal 
films the cell generated an electromotive force; with sunlight the open-circuit e.m.f. 
generated amounted to 0:12 V. The illuminated electrode was the negative pole of 
the cell. 
This cell should not be confused with the well-known photoconducting selenium 
cell, which shows an increase of conductance on illumination. The photoconducting 
cell does not generate an e.m.f. on i!lumination and is always used with an external 


Te comparatively recent appearance of the rectifier or Sperrschicht photo- 


source of e.m.f. 

The modern Sperrschicht cell is said to consist of a metal plate coated with a 
thin layer of some semiconductor, the upper surface of which is covered with a very 
thin film of metal. The metal plate and the metal film form the electrodes of the 
cell and are directly connected to the terminals of a current-measuring instrument. 
Precise details of construction do not appear to have been published either in 
scientific journals or in patent specifications. Such information as 1s available is 
not sufficient for the construction of a cell with a sensitivity comparable with the 
_ known sensitivities of cells on the market. 

The work described in the present paper was originally undertaken in order to 
develop a simple and accurate ‘nstrument which could be used for measuring the 
distribution of illumination in small-scale model rooms. The original intention was 
to use one of the well-known forms of Sperrschicht cell; but it was immediately 
apparent that these would be unsatisfactory for the measurement of diffused light, 


owing to their marked decrease of sensitivity with increase of angle of incidence. 
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Accordingly it was decided to investigate the method of construction of such cells 
in order, if possible, to effect an improvement in this respect. A simple method 
was eventually devised which enabled compensation for this decrease in sensitivity 
to be made to within 3 per cent of the required sensitivity for angles of incidence 
from o to 85 degrees; the results of this work will be the subject of a separate 
publication. The present paper gives the results of the first part of a full investigation 
of these new cells. 7 

Ina recent short note the author has described briefly a method of constructing 
a new selenium-sulphur rectifier photoelectric cell. The description is now given 
for the first time in sufficient detail, and the construction of the cell is related to 
the results obtained, so as to show how far these results support the theories of 
A. H. Wilson, and of Frenkel and Joffé. A number of simple equations expressing 
the performance of the cell have been deduced. 


§2. MODERN THEORY 


A short qualitative discussion of the theoretical treatment given by certain 
writers of the rectifying properties of a semiconductor/metal contact will serve to 
indicate the general nature of the problem, and to prepare the way for the inter- 
pretation of the experimental results described in this paper. A list of original 
papers is given for reference. 

2:1. The contact gap. It is always assumed at the outset that in the system 
metal/semiconductor/metal the two contacts are dissimilar; that at one contact the 
bounding surfaces of the metal and the semiconductor are separated by a small gap 
of definite width 6, while at the other contact the separation of the bounding 
surfaces is relatively so small that this contact can have none of the properties of 
the first. Thus with this assumption it is only necessary to consider the first of 
these contacts. 

It is not possible to say definitely what is the nature of the surface of the 
semiconductor that in contact with a metal will yield a high-resistance interface ; 
experimentally, however, it is known that certain methods of treatment give high- 
resistance contacts, and that other methods do not. Schottky and Deutschmann’s 
measurement of the electrostatic capacity of the transition layer showed that 8, in 
the cells used by them, was of the order of the mean free path of electrons in 
ordinary electronic conductors. But little or nothing is known of the actual nature 
of this transition layer. That it is not a vacuum, or a layer of gas, is admitted 
generally, although in its properties it can be regarded as being mathematically _ 
equivalent to a vacuum. N. R. Campbell and A. H. Wilson adhere to the view 
that the bounding surfaces of the metal and the semiconductor are separated by 
an insulating film of the semiconductor freed from all conducting impurities. So 
long as the thickness 5 of this film is smaller than the mean free path of an electron 
in the material of the film, the film will be exactly equivalent to a layer of vacuum 
with a reduction, depending upon the dielectric constant of this insulating film, 
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of the height of the potential-energy mountain, which results from the image-force 
effect, between the surfaces of the semiconductor and the metal. 

2-2. Mathematical model of semiconductor. According to A. H. Wilson’s treatment, 
all electrons in the semiconductor at absolute zero of temperature are in what may 
be called bound states. At any other temperature a few electrons are thermally 
excited into energy states in which they can conduct. The mean value of the 
potential energy of these electrons, regarded as nearly free, is represented by the 
energy level W,, figure 1. Wilson then deals with the case of a lattice possessing 
atoms of an impurity, each atom having a single electron in a discrete state of 
energy W,. The level W, lies below the level W, but above the highest occupied 
energy level, W, of electrons possessed by atoms of the pure semiconductor, so 
that electrons from the level W, can make the transition to the level W, more easily 
than electrons from the level W.. The conduction electrons are thus entirely derived 
from impurities. His equations hold so long as the number of impurities is less 
than 1017 per unit volume but still sufficiently large to mask entirely the natural 
conductivity of the semiconductor. With these premises A. H. Wilson determines 
the distribution function for the impurity electrons. 


W, 
——----W, 


Figure I. Potential-energy states at boundary between metal and semiconductor (Wilson). 


Frenkel and Joffé on the other hand make use of the Maxwellian form of the 
Fermi-Dirac statistical expression for a small free-electron concentration in the 
semiconductor. They find, however, that for any reasonable value of the free- 
electron concentration, of the order of 1017 per cm®, the free energy of an electron 
turns out to be negative and at 300° K. is of the order of —0°15 electron-volt. 
The final equations deduced by Frenkel and Joffé and by Wilson to express the 
rectifying properties of a semiconductor/metal contact are not essentially different 
in so far as their application to any practical case is concerned. 

2:3. The transmission coefficient of the contact gap. When the steady state has 
been reached for the flow of electrons in any given direction through and normal 
to the contact, the charge-distribution and the current may be obtained from a 
solution of the Schrédinger wave equation. The solution will in general show two 
terms, one representing an electron wave travelling in the positive direction—the 
incident wave—and the other representing a wave proceeding in the negative 
direction—the reflected wave. The ratio of the intensity of the reflected wave to 
~ that of the incident wave is the reflection coefficient R of the contact gap; while the 
ratio of the intensity of the transmitted wave to that of the incident wave is the 
transmission coefficient D. Obviously D+ R=1. It is seen, therefore, that the 


We 


W, 
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from the reflection of electrons at the assumed transition 
he semiconductor; on the 
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contact resistance results 
layer bétween the bounding surfaces of the metal and t 
other hand the bulk resistance of a solid arises from the interaction of the electrons 


with the elastic vibrations of the lattices. The transmission coefficient, and hence 
the resistance of the contact gap, depends upon the applied electric field in the gap. 

2:4. Equations to express the rectifying properties of contact. In both cases the 
problem has been made one-dimensional, doubtless to simplify the mathematical 
treatment; consequently in the formulation of the results for any actual cell some 
modification of the equations so derived will be necessary. Figure 1 gives a one- 
dimensional picture of the potential states at the boundary between a semiconductor 
and a metal. The continuous curve represents the potential energy of conduction 
electrons, the left- and right-hand horizontal portions corresponding to the potential 
energies in metal and semiconductor respectively. Sommerfeld and Peirl’s model 
of a metal is used, the valency electrons being considered as nearly free. The mean 
value of the potential energy of a valency electron is represented by £,; its position 
relative to W,, defined in 2:2, is determined from the condition of equilibrium. 
The level E, in the metal corresponds to the maximum critical energy of the 
Fermi distribution; E, is approximately equal to the maximum kinetic energy of 
an electron at absolute zero of temperature, and for most metals is of the order of 
10 electron-volts. It is not necessary for the energy of an electron to be raised above 
the surface-potential jump in order to cross the surface into the transition layer, 
represented in figure 1 by a potential hump which, in the theoretical treatment, is 
assumed to be of rectangular form. Electrons can, according to the wave-mechanical 
treatment, pass through the hump if it is not too high or too broad. An analogous 
case is the passage of light-waves from glass into air and into another piece of glass, 
even at angles greater than that of total internal reflection, when the intervening 
air film is sufficiently thin. 

Electrons passing from the metal to the semiconductor must acquire kinetic 
energies of not less than W,; electrons passing from the semiconductor to the metal 
must also be raised by thermal excitation to the level W,, in order to become 
conduction electrons in the semiconductor. If there is no potential difference 
applied between the metal and the semiconductor they will assume a contact 
difference of potential in the equilibrium condition for zero field, when equal 
numbers of electrons flow in either direction. The equations of A. H. Wilson show 
that the current from the semiconductor to the metal is equal to the current from 
the metal to the semiconductor only when E, lies approximately half-way between 
W, and W,. This is, then, the equilibrium condition for zero field, the position of 
£, with respect to W, being determined. 

If now the potential of the metal be raised by a small quantity eV’ less than 
(W,- fy); the effect of the applied field will be to change the transmission coefficient 
and to increase E, and Ey by eV, while leaving W, unaltered. It is no restriction to 
consider W, as invariable, since differences only in these quantities are of significance. 
by on increued flow: of lecapns Gert eee 

o the semiconductor, while 
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leaving unchanged the current in the reverse direction. The difference between 
these two currents gives the net current from the metal to the semiconductor. 


If the subscripts @ and b denote the semiconductor and the metal respectively, 
this net current ,/, is given by 
t,=a {exp (—BV)} {exp (eV/RT)—t5 tee (x); 

where « is a constant depending upon T and upon the magnitude of the contact 
resistance at zero applied voltage, e the electronic charge, k Boltzmann’s constant, 
T the absolute temperature, and f a constant determining the dependence of the 
transmission coefficient on V. 

If the potential of the metal is lowered by the same quantity V, the net current 

from the metal to the semiconductor is similarly determined and is found to be 
_ negative. The current equation now becomes 


alp=« {exp (BV)} {1 —exp (—eVjRT)} nfs (2) 
for the reverse direction. 

Frenkel has deduced a value B=1°5. 

It can be seen from equations (1) and (2) that the effect of the applied field on 
the transmission coefficient of the gap always tends to nullify the rectifying effect ; 
this follows from the fact that a decrease in (W,—E,) makes the potential hump 
higher and decreases the transmission coefficient. 

2-5. These equations may now be applied to the case where light falls upon a 
rectifier cell in the absence of any applied voltage. ‘The metal in contact with the 
semiconductor is now sufficiently thin to transmit visible radiation. A number of 
electrons per second, extracted by light of energy F from the semiconductor, will 
cross the transition layer and enter the metal, this number being directly pro- 
portional to F. This electron current, from semiconductor to metal, will increase 
the contact potential difference between a and b by an amount V', which in its 
turn will produce a current in the reverse direction. If there is no other connexion 
between a and 6, V’ will reach a stationary value in the equilibrium condition 
when the electron-flows in the two directions are equal. If 2, denotes the primary 
photoelectric current and i, the reverse current, equation (1) gives 


ly =1,= 0% {EXP (— BV’)} {exp (QVelRLy ip 7 eee: (2): 
Since i, is directly proportional to the light-flux P’, equation (3) may be written 
F=) {exp (—BV’)} texp (CV TD )an thn Nien Wey ee: (4), 


where A is a new constant. Equation (4) represents an important relation between 
the light flux and the voltage developed on open-circuit in a rectifier photoelectric 
cell in the absence of any applied voltage. In § 5 will be found examples of its 
application to the results from a number of specific cells, from which it will be 
seen that the measured values of the constant B may be very different from the 


value 1°5 deduced by Frenkel in his one-dimensional treatment. Departures from 


-—~ equation (4) are discussed in § 5. 


i, 
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§3. DETAILS OF CONSTRUCTION OF SELENIUM-SULPHUR 
RECTIFIER PHOTOELECTRIC CELLS 


3:1. The cells referred to in §1 were originally made from steel discs ground 
flat on one surface, 5-1 cm. in diameter, and 0:8 mm. thick, by coating them with 
a selenium-sulphur mixture. After the annealing of the layer a thin film of silver 
was sputtered on to the surface of the mixture. Experiments were continued with 
these steel discs. Discs of zinc, brass, copper, tin and aluminium also were used, 
but no really successful cell was obtained; the failure appears to be due to the 
difficulty of obtaining a small contact gap between the selenium-sulphur film and 
the surface of these metals. The sulphur was added to the selenium because of the 
extreme difficulty of coating an iron plate with a thin, uniform, and continuous 
film of selenium alone; the transformation of the vitreous form of selenium into 
the grey, metallic variety is attended by a considerable diminution in volume, and 
this tends to cause‘rupture at a contact surface and to introduce microscopic cracks 
and air cavities throughout the material. Thin annealed films of selenium-sulphur 
are almost entirely free from such mechanical imperfections. 

Twenty cells were made with mixtures of selenium and sulphur in various 
proportions. Pure flowers of sulphur, varying by unit steps from 1 to 10 per cent 
of the total weight, was added to molten selenium to give ten different mixtures 
of selenium and sulphur; two cells were made with each mixture. There were, 
however, no marked variations in sensitivity, but it was found that when the added 
quantity of sulphur was less than 5 per cent of the total weight the difficulty of 
obtaining a uniform and continuous film on the iron disc remained. Accordingly 
subsequent investigation was concentrated upon mixtures containing 10 per cent 
of sulphur by weight. This mixture melted at approximately 185° C. The melting 
point of pure selenium is 220° C. The solvent (selenium) separated on cooling, and 
appeared to be embedded in a matrix consisting of a eutectic mixture of sulphur 
and selenium. A comparison of the X-ray diffraction patterns given by the pure 
selenium and by the selenium-sulphur mixture showed that the sulphur atoms 
entered the selenium lattice; this resulted in a small change in the dimensions of 
the selenium lattice. The lines given by the selenitum-sulphur mixture were sharper 
than those given by pure selenium; this indicates that the crystals were better 
developed in the selenium-sulphur mixture than in pure selenium. The selenium 
used has been described as pure, because consistent success in manufacture was 
ensured only when the purest selenium available was used. In §1 Wilson’s theory 
of the rectifier cell was discussed ; his treatment depends upon the presence in the 
semiconductor of impurity sufficient in amount to mask entirely the natural 
conductivity of the substance. In this work, however, the selenium used was 
obtained from Germany and was stated to be roo per cent pure according to chemical 
analysis; very small traces of metals could be found spectroscopically, but it is 


doubtful whether these traces of metal represent a sufficient amount of impurity 
to accord with Wilson’s theory. 


| 
: 
’ 
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3:2. The coating of the iron discs. Flat circular brass plates, 8 cm. in diameter, 
were recessed to take one steel disc; plates recessed to depths of 1:2 mm., 1°o mm. 
and 08 5 mm. approximately were employed. A brass plate holding one steel disc 
with its ground surface uppermost was maintained at a temperature of approxi- 
mately 200° C., while the steel disc was coated uniformly with the molten mixture 
by means of a flat piece of steel maintained at the same temperature, the surface 
of the coating being made flush with the surface of the brass plate. With the 
coated disc in position the brass plate was then cooled rapidly, and while the 
selenium-sulphur mixture was still plastic its surface was rolled smooth by means 
of a polished silver-steel roller to give a film of approximately uniform density and 
thickness. During the rolling, the ends of the roller were in contact with the flat 
edge of the brass plate. Selenium-sulphur films having approximate thicknesses 
of 0-4, 0-2 and 0-05 mm. were thus obtained. A slit cut in the edge of the brass 
plate facilitated the removal of the coated iron disc after rolling. 

3:3. Annealing of selenium-sulphur films. In the annealing experiments an electric 
oven with thermostatic control was employed. The temperature was measured by 
means of a mercury-in-glass thermometer. Experiments on the annealing of the 
vitreous selenium-sulphur mixture were carried out over a range of temperature 
of from 140° C. to 185° C. for periods varying from 30 minutes to 30 hours. ‘The 
results indicate two distinct stages in the annealing. For example, when a coated 
disc is maintained at 160-165° C. over a period of 3 hours the transformation to the 
grey, metallic variety takes place; but the surface of the selenitum-sulphur still 
preserves a smooth glazed appearance and has a violet-grey colour by reflected 
light. The conductivity is very low. If this period of time is extended, or if the 
annealing is begun at a higher temperature, say 170-175° C., a further change takes 
place. The surface becomes neutral grey in colour and has the appearance of having 
a porous structure; its conductivity is relatively very much higher. The annealing 
required to produce the necessary allotropic change needs careful attention; no 
~ success at all is obtained with an unannealed selenium-sulphur film. The annealing 
determines not only the conductivity of the semiconductor but also the state of 
the surface. It has been shown that two quite different types of surface can be 
produced, but there is no sudden change from one type to the other in the annealing. 
In fact between the two extremes, which have been named type A and type B, 
many curious results may be obtained. For the pure selenium and pure sulphur 
used in these experiments, the conditions of annealing can be specified approximately 


as follows: Type A: 3 hours at 160-165° C. 


Type B: 6 hours at 170-175° C. 


The conditions depend upon the purity of the elements used and must not, 
therefore, be rigidly applied to every new supply of selenium and sulphur. The 
determination of these types was assisted by resistance-measurements at a definite 
applied voltage. 

37h. Sputtered metal films. The specimens were sputtered one at a time in a 
bell jar waxed to a brass plate by means of a wax of very low vapour pressure: 
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-A. direct-current generator. The voltage 
f an electrostatic voltmeter, and 
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The source of supply was a 2000-V. 0°5 
between the electrodes was measured by means 0 
a milliammeter was connected in series with the supply. é 
carried out with a current-density of 1o~4A./cm? at 1400 V. with a vacuum to give 
a dark space approximately 3 cm. in length. The specimens were placed at the edge 
of the negative glow, i.e. just outside the Crookes dark space. An aluminium ring 
with an inside diameter of 4-9 cm. was placed on the selenium-sulphur surface so 
as to leave an unsputtered rim of selentum about 1 mm. wide. : 

Sputtering was tried with the following metals: cadmium, lead, tin, zinc, 
copper, nickel, silver, gold, platinum and brass. The last apparently sputters as 
brass. Iron and aluminium do not sputter appreciably. 

Successful cells were not obtained with cadmium, lead, tin or zinc, principally 
because of the oxidation of the cathode; thin films of oxide appeared on the surface 
of the semiconductor, giving interference colours. The formation of selenides of 
these low-melting-point metals was also suspected. Attempts made with copper, 
nickel and brass were only partially successful; oxidation of the cathode occurred, 
but to a much smaller extent. Accordingly, all subsequent experiments were 
restricted to sputtered films of gold, silver and platinum. 


§4. DETAILS OF APPARATUS AND METHODS OF MEASUREMENT 


4-1. Inall the illumination measurements a 1000-W. 100-V. gas-filled projection 
lamp operating at 50 V. and giving a candlepower of 216-5 candles in a known 
direction perpendicular to the plane of the filament was used on a 3-metre photo- 
meter bench. The colour temperature of the lamp at 50 V. was given as 2360° K. 

A holder for the selenium-sulphur photocell, containing eight fine-wire brush 
contacts arranged equidistantly round the edge of the sputtered metal film and 
pressing lightly on it, was made; contact with the back of the iron base of the cell 
was made by a flat-nosed metal screw. By means of the holder each cell could be 
easily and accurately mounted on a photometer carriage. A vernier potentiometer 
was used to measure the p.d. across various standard resistances, I, 10, 100, 1000, 
10,000 2. and 1 MQ., in series with the cell. The maximum range of illumination 
was from 0 to 225 foot-candles. A holder for an adjustable iris diaphragm was also 
constructed ; in those experiments in which the iris diaphragm was employed, the 
diaphragm was mounted and centred in front of the cell in a plane parallel with 
the plane of the cell and at a distance of 1 cm. from its surface. 

In the determination of the spectro-photoelectrical sensitivity each cell was 
connected in series with a galvanometer of resistance 1 5 Q. and of sensitivity 
2000 mm./jA. at 3 metres. A constant-deviation spectrometer was employed with 
an Adam Hilger linear thermopile made for the spectrometer. No slit-width 
correction was used. ‘T'he wave-length band at 5900 A. was approximately 50 A. 
No precautions were taken to allow for stray light in the spectrometer. Apart from 


correction for these possible sources of error, the results give the spectro-photo- 
electrical sensitivity of these cells. 


All experiments were — 
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4:2. In the course of this work about three hundred cells were constructed ; 
considerable experience with regard to the general behaviour of these cells under 
illumination was thus gained. It will be appreciated that with the many possible 
variables in construction the reproduction of cells with precisely similar properties 
is a matter of considerable difficulty. This is not surprising in view of the fact that 
‘surface effects can still only be treated phenomenologically. For special purposes 
exactly similar cells may be produced if during the sputtering process the response 
of the cell is compared with that of a completed cell by illuminating the cell under 
construction to a known intensity through the bell jar. The sputtering may be 

_ discontinued when the two cells show the same response over a small but definite 
range of illumination. 

The precise measurement of the response of a cell presents, of course, no 
difficulty. Where comparisons are made between the results obtained from cells, 
~ among which there are known variations in the controllable variables in construction, 
the results given apply to cells whose response represents the average response 
obtained to an accuracy of about +1 per cent. 

It will be necessary to comment on certain specific cells in § 5; these cells have 

been numbered for reference purposes, and are specified in table 1. 


Table 1 
Approximate thick- | : 
Cell pee t of selenium- Type of Sputtered Time of 
no. sulphur film surface metal spurenins 
| (mm.) (min.) 
| 
I "4 B Gold 23 
4 o-2 B Silver 60 
5 0:0;<t<o'l A Platinum 4 
6 o'2 A Platinum 4 
7 o-4 B Platinum 12 
9 o-4 B Platinum 15 
10 oy B Gold 30 
II 0'0,<t<orl A Platinum 4 


§ 5. APPLICATION: OF THEORY AND EXPERIMENTAL RESULTS 


5-11. Acomplete rectifier photoelectric cell may be represented by the equivalent 
circuit given in figure 2, in which R, denotes the effective resistance of the sputtered 
metal film, R, the bulk resistance of the semiconductor, R, the effective resistance 
of the transition layer measured from the metal to the semiconductor, and R, the 


resistance of any external measuring instrument. When R, >, #,, the reverse 
current, becomes equal to i,, the primary photoelectric current; but when R, 1s 
finite, the reverse current is no longer equal to 7», since some fraction of 7, will be 
transmitted in its original direction, and a current i, depending upon the magnitude 
of R, will flow in the external circuit. 

Thus a en me re (G), 
where 7,’ denotes the new value of the reverse current. On open circuit 7,=0, 


and i,’ =t)=1,- 
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If in any actual cell 7, is independent of R., the voltage developed across the — 
transition layer must obviously depend upon &,, which determines the value of 


i,’, and upon the value of R,. 


B 


Figure 2. Circuit diagram of rectifier photoelectric cell. 


The reverse current 7,’ is given by equation (3), and since 7,’+i, when R, is 
finite, the voltage developed across the transition layer is no longer equal to its 
Vy open-circuit value V’. Let the voltage developed be V, for any given small value 
of R,. If R, is small the variation of the transmission coefficient with variation 
of V, may be neglected; i.e. R, may be regarded as constant over a limited range 
of F, if R, is small. Therefore from equation (1) 


be alee {exp (eV,/RT) oa 1}, 
kT sy 
or a= oa log (* 2 3 r) A ek (6). 
But if Ohm’s law is assumed for the resistances R,, R, and R,, 
Vo=1,054+R4R) © ~~ 9 9 0 Mee (7). 


Hence from equations (6) and (7), 


7,e(R +R,+R,) e 
ae ) =log (* +1) os (8). 


In (8) put R,+R,+R,) =A. Then 
tp =afexp(At)—1} nn (9). 


The value of 7,’ obtained from (9) may be substituted in (5), whence 


e 
RT| 


1, =1, —« {exp (Az,) — 1} 


at lots gp teatel > (Ae | 
=1,—a 142,44“ 4 4% 4 


A®at,? ASqz,3 


or Ws I+a4)=2, ———_*& ~ 
( x ) ty |2 13 seer t 
alt ie A eS ee 
é 1+aAd \ D [2 a au ee ch cent (10). 


From equations (5) and (10) it is seen that since ?, is directly proportional to F, 
7, can never be accurately proportional to F. If the deviation from true propor- 
tionality is small when R, =o, and if R, and R, are small, and if B denotes a constant 
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in the proportionality of i, to F, equation (10) may be rewritten to give to a first 
approximation the relation between i, and F’, namely 
ori | AGB, A0B* 
nea BFP Pa... ads (11). 
This equation holds for all the cells, both of type A and type B. 
5-12. From equation (7) it is seen that 


AS a 2 ee fag 


Le 


Since V,#V’, this quotient cannot be determined experimentally owing to the 
impossibility of separating R., R, and R, for the purposes of measurement. 

5°13. When V’<5 mV., expansion of the exponential terms in equation (3) 
shows that with sufficient accuracy 


al tates 

lp = RT i aiersiate (x2); 

Ct fal Be : 
or V a5 i iy ee ee ec (13). 
When V’ is very small R,=R,', the value of the contact resistance when V' =o, yee 
Thus when V’+o, R,>R,’ and in the limit 
htt 
Vee Fear pir, Pee. Gnd (14). 


From equation (13), V’=0 when R,=0, and therefore in the case of a very good 
contact, defined by R,=0, no voltage is developed on illumination. 

5-14. In view of the difficulty of determining without reference to the experi- 
mental work exactly what is given by the quotient of the measured open-circuit 
voltage and the measured short-circuit current for the same value of F, this 
quotient, often vaguely termed the “resistance of the cell”, will be considered in 


§ 5°4- 


Table 2 
Time of Open-circuit 
Sputtered Cell sputtering voltage developed 
metal type (min.) at 224 foot-candles 
Gold B 15 0:01080 
Gold B 23 0700500 
Silver A 8 0'08440 
Silver A Osu. | 0:06730 
Silver A 10 0:06080 
Silver A 3 0'04730 
Platinum A 4 0° 18062 
Platinum A 6 011230 
Platinum B 14 005520 
Platinum B 15 0:03280 


5:2. Variation of open-circuit voltage with intensity of illumination. 
s-21. Table 2 gives the voltage developed on open circuit at an illumination of 


Aye 
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224:0 foot-candles by a number of cells sputtered for various times. For selenium- 
sulphur surfaces of the class A type, experiment has shown that the open-circuit 
voltage V’ for any given illumination increases with the time of sputtering up to 
a maximum after from four to five minutes. With further increase of the time of 
sputtering, V’ decreases for the same illumination; if the sputtering be continued 
beyond sixty minutes, V’ decreases rapidly to a very low value with increase of 
thickness of the deposited metal film, which eventually becomes opaque to light 
after several hours of sputtering. The initial decrease of the open-circuit voltage 
from its maximum with increase of the time of sputtering cannot be, however, 
attributed solely to increased absorption of light by the metal film. Equation (13) 
shows that V’’ decreases with decrease of R,’; it is therefore probable that the time 
of sputtering determines not only the light-transmission of the film, but also the 
resistance of the contact formed with the semiconductor. 

It is a matter of common experience in the molecular deposition of metals by 
sputtering that different types of surface receive different amounts of metal at the 
same voltage, current-density and pressure of vacuum, and in the same time. 
The B type of surface proves to be more receptive than the A type; but more 
important is the fact that it has proved impossible experimentally to form a cell 
with a B type of surface which can for the same illumination give as high an open- 
circuit voltage as that given by a cell of the A type. Therefore R,’ can never be as 
high for the B type as for the A type. In the latter case the transition layer may be 
of pure sulphur, which in the former may be partially or wholly removed by 
prolonged annealing at a higher temperature, which decreases the effective width 
of the gap 5 between the semiconductor and the metal film. 

5:22. The intensity of illumination £, varied by changing the distance of the 
lamp from the cell along a photometer bench, is directly proportional to the light 
flux F incident on the cell so long as the illuminated area of its surface remains 
constant. When the whole surface of the cell is illuminated, equation (4) may be 
rewritten to give the relation between Il’ and F, thus 


E=y {exp (—BV’)} {exp(eV'/RT)-—1} aa (4'), 
where y=A/zr?, r being the radius of the cell. 
The experiments show that the equation (4’) holds for all cells of the A type 
when f is positive and of the order of 15. 
For type A cell no, 5 at 300° K. the observed values of V’”’ for a range of illu- 
mination of from 25 to 200 foot-candles, figure 3, are represented to an accuracy 
of about 1 per cent by the equation 


E= 3-41, {exp (—15-4V')} {exp (EVYRT)—1} iw. (15). 
The experimental value of 8 is therefore approximately ten times the value 1-5 
theoretically deduced by Frenkel and Joffé. Table 3 shows at various illuminations 
the experimental values of V’ and the values calculated from equation (15) for 
this cell. 


It will now be shown that the value of 8 for any cell depends upon the ratio of 
the illuminated area to the area within the circular collecting electrode. 
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5:23. Cell no. 11, of type A, was mounted with the adjustable iris diaphragm 
on the photometer bench as described in § 4. The smallest aperture available was 
first used, the incident illumination being varied by moving the lamp along the 
bench, With each opening two curves were plotted showing (1) open-circuit voltage 
against light-flux, (2) short-circuit current against light-flux. The diaphragm was 


opened to give a range of known areas of aperture, the diameter of each opening 
being measured. 
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Figure 3. Illumination against (1) voltage, (II) current and (III) resistance. 


Table 3 
' Open-circuit voltage, Open-circuit voltage, 
Illumination, | WV’, experimental V’, values calculated 
E (foot-candles) values from equation (15) 
(T=300- K:) Wn Cli 3007 1) 

25 0'0885 0:0875 

50 01165 | o' 1160 

75 0°1340 0°1330 

100 0°1460 | 0'1460 

125 01560 01560 

150 0'1630 01630 

175 01680 01680 

200 0°1730 | 0°1735 


The value of 6 for each curve of open-circuit voltage against light-flux was then 
determined; these values are plotted against radius of aperture in figure 4. The 
short-circuit current sensitivity, expressed in pA. per lumen, was, for a given flux, 
found to be constant to within 2 per cent for any value of the aperture-radius ; but 
the, open-circuit voltage for the same flux sncreased with decrease of the radius, 
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figure 5, and it was found that the value of B depended upon the size of the aperture. 
Extrapolation to zero radius in figure 4 shows that for an extremely small radius 


Aperture-radius r (cm.) 


Figure 4. Curve relating B (equation 1) and radius of aperture of iris diaphragm. 
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Figure 5. Curves showing open-circuit voltage against incident light-flux for the following values 
of aperture-radius (cm.): (a) 0°575, (b) 0°825, (c) 1075, (d) 1-325, (e) 1°45. 
(corresponding to Frenkel and Joffé’s one-dimensional treatment) the experimental 


value of B would be equal to 1-4, which is quite close to Frenkel and Joffé’s deduced 
value 1-5. This interesting result can be readily interpreted in terms of the effect 
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of space-charge limitation of current within the illuminated area of the metal film. 
The effect is, of course, absent in the one-dimensional treatment of Frenkel and 
Joffe. 

The maximum open-circuit voltage measured for any given flux is limited by 
the number of photoelectrons collected by the circular electrode round the periphery 
of the sputtered film. In the absence of mechanical imperfections in the film there 
will be a radial distribution of electron-flow, but the electrons travel against a 
retarding potential dependent upon their initial position in the film and due to the 
space charge of electrons arising between them and the electrode. Electrons with 


insufficient kinetic energies will therefore return through the gap to the semi- 
conductor. 
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Figure 6. Curves showing illumination against (I) voltage, (II) current and 
(III) resistance for cell no. 6. 


Equation (15) for class-A cell no. 5, with the whole surface illuminated, may be 
rewritten to give the relation between the measured open-circuit voltage V’’ and 
the primary photocurrent that arises from, and is directly proportional to, the 
illumination £. Thus 

ty’ = B {exp (—15°4V’)} {exp (eV'/kT) —1}, 
where B is a constant. 

But if Frenkel and Joffé’s theoretical equation for the one-dimensional case held 
for this cell, then for any value V’ of the measured open-circuit voltage the true 
primary photocurrent i,” collected by the circular electrode m the absence of space- 
charge limitation would be given by 

ip” =a {exp (—1°5V’")} {exp (eV {kL ) 3}. 
It follows from these two equations that 


iiotnpieny (ere OVi) SO tens (16) 
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: -y 
for any value V’ of the measured open-circuit voltage. This mn. 
and i,” is similar in form to the corresponding relations in the theory 7 t sibs =“ 
emission. The practical effect of this space-charge limitation is to make the tr 
mission coefficient for electron-flow from semiconductor to metal appear 2 
decrease more rapidly with V’. In other words, the contact aaeesaren R, eee 
to semiconductor decreases more rapidly with increase of ” than it would in the 
absence of a space-charge limitation of current, and the voltage shows a saturation 
effect. But as the illuminated area is reduced symmetrically about the centre of 
the cell the space-charge effect will be less important and the value of 8 calculated 
from the observations should fall, approaching the theoretical limit 1°5; this is in 
accordance with our observations. ae 

5:24. When V’’ is below 10 mV. the omission of powers of V higher than the 
first (i.e. the assumption of a linear relation between V”’ and £) in the expansion 
of the exponential terms in equation (15) produces a calculated error of less than 
4 per cent. This is demonstrated experimentally in figure 7, where a curve relating 
voltage with illumination is given for cell no. 6 (type A) at very low illuminations, 
a I per cent neutral-tint filter being used in front of the cell. 

5:25. Cells of type B. In contrast with cells of the A type, it 1s found that with 
the B type of surface it is possible by extending the time of sputtering to produce 
cells of a type represented by no. 4 which, while possessing current-sensibility of 
the same order as that of the A type, develop a voltage of only a few millivolts at 
100 foot-candles, figure 8. The curve of open-circuit voltage against illumination 
for cell no. 4 is expressed by the equation 


E= 399-4 {exp (—10°7V"’)} {exp (eV’"/RT)—1}  —z. es (17). > 


In equation (17) when V’ is not greater than 1omV., the illumination being 
169 ft.-can., the omission of powers of l’’ higher than the first in the expansion of 
the exponential terms produces a maximum error of no more than 10 per cent. 

It will be noted that y in general equation (4’) is, for cell no. 4 of type B repre- 
sented by equation (17), more than roo times the corresponding value for the 
class-A type represented by equation (15). The long time of sputtering produces 
a reduction of the metal-film resistance with increase in the thickness of the film; 
and if the light-transmission of the sputtered metal film in cell no. 4 were only 
approximately 4,5 that of no. 5, y would be increased accordingly. In that case, 
however, the selective absorption of the thicker film in cell no. 4 would give rise 
to a large change in spectro-photoelectric sensitivity; it will be seen later that the 
spectro-photoelectrical sensitivity curve for cell no. 4 is not very markedly different 
from that for cell no. 5. The increase in y is therefore not solely due to increase in 
thickness of the metal film; from equation (14) it follows therefore that the increase 
in y corresponds to a reduction in the value of R,’ for zero V’’. 

The B type of contact evidently yields a transition layer of a much smaller 
gap-width 6 than the A type. 

5°3- Variation of short-circuit current with intensity of illumination. 

5:31. By measuring the p.d. across a number of standard resistances closing the 
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an circuit in turn, the short-circuit current, corresponding to zero external re- 

i : ; ; 

ee re be found by extrapolation. Equation (11) shows that the relation 

etween the short-circuit current and the intensity of illumination may be written 
1,=aE—bkE?—cE 

where a, 6, c are constants. a a) ae eee ee (18), 
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Figure 7. Curve for low illuminations, cell no. 6. Percentage transmission of 
neutral-tint filter = 1-012. 
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Figure 8. Curves showing illumination against (I) voltage and (II) current for cell no. 4 


For the A type of cell, represented by no. 5, equation (18) applies over a range 
of values of EF from 10 to 225 foot-candles to an accuracy of 4 per cent, when 
a=2, b=1x 107%, and c=2X o-*, i, is given in microamperes. It is evident that 
the range of measurement is too large for the assumption of a constant transmission 
coefficient, on which the above equation was based, to be precisely true. Over a 
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smaller range of E, such as 10 to 100 ft.-can., equation (18) can be taken as repre- 
senting accurately enough the relation between 7, and E. 

Further, in § 5-11 the assumption was made that Ohm’s law holds for the 
resistances R,, R, and R,. The validity of this assumption is confirmed by comparing 
the curves of short-circuit current against illumination for cells nos. 5 and 6, 
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Figure 9. Curves showing (I) voltage, (II) current and (III) resistance against illumination. 
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Figure 10. Curves showing illumination against current for various resistances in series 
with cell. (I) tooo Q.; (IT) 2772 2, calculated current; (III) 10,000 . 


figures 3 and 6, Cell no. 6 is of A type, and only differs from cell no. 5 in having 
a thicker film of semiconductor, so that it gives rise to a larger value of R,. For cell 
no. 5 when R,= 2772 Q., figure 10, the current-against-illumination curve is not 
very different from the short-circuit current-against-illumination curve for cell 
no. 6, figure 6, ‘Thus in comparison with cell no. 5, no. 6 behaves as if it contained 
internally (in R,) an extra fixed resistance of 2772 Q. 
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For the B type of cell, represented by no. 4, figure 8, the coefficients b and c in 
equation (18) are so small that the deviation from true proportionality over the 
whole range 10 to 200 ft.-can. is negligible, i.e. 

heced Jk UA Nie ye all Seca (18’). 
5°32. If the constructional details relating to the types of cell represented by 
nos. 4 and 5 are varied, it is possible to construct cells whose response to illu- 
mination is very complicated. These cells can be of little practical use; figure 9, 
- which gives the response curves for cell no. 7 (type B), is included to show the 
necessity for adhering to the constructional details specified in table 1. 

5:4. The cell resistance. It is a common practice to term the quotient of the 
measured open-circuit voltage and the short-circuit current at a given illumination 
the ‘‘resistance”’ of the cell at that illumination. It must not be assumed, however, 
that at any given illumination the open-circuit voltage is equal to the short-circuit 
voltage across the transition layer. Let V’’ denote the open-circuit voltage, V, the 
short-circuit voltage (when R,=0), and 2, the short-circuit current at any given 
illumination £. Then Vy’ : 


ae (R;+R;) ye suena (19), 
since 7,(R,+R,)=Vo. I therefore V’/V, is constant, V’/i, is also constant. 
Experimentally it is always found that V’/i, depends on E. From equation (19), 
-therefore, the quotient V’/V, must depend on £, since R, and R, are to be considered 
as constant. 

Experimentally, it has been found that for the A type of cell, represented by 
no. 5, the equation y’ 

oa Simoexp (ee 4-014) oes PR 8 Re > (20) 
holds over a range of E from 25 to 200 ft.-can. ; 
“, (Rp+Rs) = =6150 exp (— 14:01’) 
0 


R,+Rs 


and . Vj= nee Vicexp ie 1410 ew age oot (21). 
For the B type, represented by cell no. 4, 
d Scearexp t—9 0)" Per ve ety (22) 
} eee : 
and Via Veexp(—970V) 7 penne (23). 


The quotient V’’/z, has been determined as a function of V’ in order to give the 
relation between V’ and Vy; V'/i, is given in ohms and termed R in the figures. 

It is seen from equation (18) that as E is decreased, 7, becomes more nearly 
proportional to E. When E is very small, 7, may with sufficient accuracy be taken 
equal to z,. The value of the quotient V’’/7, then approaches R,’, equation (14), the 
contact resistance at zero voltage. Therefore, from equation (20) for cell no. 5, 
R,/ = 6150 Q.; from equation (22) for cell no. 4, R,’ = 58-1 Q. 
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From equation (14) «oc1/R,’, and of course y is directly proportional to a, 
so that yoc1/R,’. From equation (17) for cell no. 4,y=399°45 and from equation (15) 
for cell no. 5, y=3°412. The ratio of the ys for the two types is therefore 399°4/ 3412 
or 1171; on the other hand, the ratio of the reciprocal of the corresponding contact 
resistances is 6150/58-1 or 105-9. The constant y is also inversely proportional to 
the light-transmission of the metal film, and it follows therefore that the light- 
transmission of the metal film in cell no. 4 is approximately go-; per cent that of 
the metal film in cell no. 5. 

The quotient V’’/i, we interpret to represent the apparent variation of the 
contact resistance with V’ arising from the space-charge limitation of the current 
collected on open circuit by the circular electrode round the periphery of the 
metal film. 

5°5. Spectro-photoelectrical sensitivity. 

5°51. The spectro-photoelectrical sensitivity curves for unit incident energy for 
cells nos. 1, 4 and 5 are given in figure 11. The spectro-photoelectrical sensitivity 
for light of any given wave-length is defined as the current at that wave-length, 
relative to the current at the wave-length of maximum sensitivity, for the same 
amount of incident energy. 

It is important to note how small are the differences between the three cells. 
This is at first sight surprising, since cell no. 1 was sputtered with gold for 23 minutes, 
no. 4 with silver for 60 minutes, and no. 5 with platinum for 4 minutes. A feasible: 
explanation of the smallness of the differences is that the light-transmission of these 
metal films may be so high that they are not appreciably selective through the 
wave-length range 4000-8000 A. 

5:52. Methods of measuring the thickness of these metal films were investigated 
with the object of determining whether the tentative explanation given in 5-51 
could be supported experimentally. Unfortunately no direct measurements of 
their spectral absorption can be made. A metal film sputtered on glass would bear 
no relation, either with regard to the state of the deposit or the thickness of the 
film, to one deposited in the same time and under the same conditions on a semi- 
conductor surface. ‘Thus it is necessary to seek an indirect method of determining 
the approximate thickness of these films. 

Any experimental method not utilizing the film as deposited on the selenium- 
sulphur surface is open to objection. The method actually adopted and described 
below gives a maximum estimate of the average thickness. Two cells, nos. g and 10, 
were selected. J. J. Thomson gives a formula for the resistance R of a circular 
lamina of thickness ¢ so small that the currents are compelled to flow parallel to the 
lamina, being led in and out of the lamina by circular electrodes, radii a and 3, 
placed on its circumference. This formula is 

r2 


o 
sper log, a. = eae (24), 


where 7, assumed large compared with a or 3, is the distance apart of the electrodes, 
and o the specific resistance of the lamina. 
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4 It was soon found that the surface conductivity of the selenium-sulphur could 
e neglected. Accordingly, the optically flat end-faces of two circular steel rods 
were pressed on to the circumference at the ends of a diameter of the circular metal 


0-8 


Cell No.4 


2 
o 


0-4 


Sensitivity (arbitrary scale) 


Visibility curve 
for normal eye 


4000 5000 6000 7000 8000 


Wave-length (A.) 


| Figure 11. Spectro-photoelectrical sensitivity curves for unit incident energy: 
gold, silver and platinum films. 


film, The current flowing when a voltage of 176°5 mV. was applied across the 
electrodes was measured. The resistances obtained were 400 Q. for cell no. g and 
290 2. for cell no. 10. 


2 
Now “log ao 1:99, so that equation (24) becomes 


cnpateb ; 
i= R GC af Fe hi Meee (25). 


on 
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For cell no. 9, t=4:975 x 10-* a; for cell no. 10, t= 6:86 x 10 * x By; where a 
and a, are the specific resistances in very thin films of platinum and gold respectively. 

An examination of published figures’ for the specific resistances of thin metal 
films of gold and platinum was made, and those adopted for o, and o, are the 
highest possible values, viz. o,=50 x 107°, @)=150 x 10%. 

With these assumed values, the maximum average thicknesses of the metal films 
in cells nos. g and 10 are 1=7 x 10-7 cm. for cell no. 9, and t=3 x 10-7 cm. for 
cell no. 10. 
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Figure 12. Spectro-photoelectrical sensitivity curves for unit incident energy: (@) for the primary 
photocurrent in sulphur; (b) in selenium; (c) for the contact photocurrent in rectifier cell. 


Cell no. 1 was sputtered with gold for 23 minutes and no. 10 for 30 minutes; 
cell no. 5 was sputtered with platinum for 4 minutes and cell no. 9 for 15 minutes. 
The probable average thicknesses of the metal films in cells nos. 1 and 5 may 
therefore be assumed to be approximately between 1 x 10-7 cm. and 2x 10-7 cm. 
Films of thickness 10-7 cm. deposited on glass show a variation of only a few 
per cent in spectral transmission throughout the range 4200-8000 A., and the mean 
transmission is of the order of go per cent according to the International Critical 
Tables. The thickness of the film in cell no. 4, sputtered with silver for 60 minutes, 
is greater (see § 5-4) than that of the films in cells no. 5 and no. 1; but it must still 
be less than 10~* cm, for the explanation given in 5-51 for the smallness of the 
differences between the spectro-photoelectrical sensitivity curves in figure 11 to hold. 

5°53. In figure 12, the spectro-photoelectrical sensitivity for the internal primary 
photocurrents in selenium and in sulphur (obtained from Gudden’s curves and 
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Kurrelmeyer’s curves‘? respectively) is plotted in addition to the spectro-photo- 
electrical sensitivity for cell no. 5. It is seen from the curves that the threshold 
energy for the contact photocurrent appears to be greater than for the internal 
primary photocurrent. Frenkel observed this to be true of the cuprous-oxide 
rectifier photoelectric cell also, but inferred from his theory that the contact effect 
actually began at the same frequency as the internal effect, and only became 
appreciable at a certain higher frequency which decreased as the width of the 
contact gap increased. The small but marked displacement towards the longer 
wave-lengths of the curve for cell no. 4 in figure 11 as compared with that for cell 
no. 5 cannot therefore be due, if Frenkel’s theory is correct, to the known differences 
in the widths of the contact gaps; it can, however, be reasonably ascribed to 
absorption by the silver film. 

5°54. In the selenium photoconducting cell the number of electrons which must 
be set free in order to account for the increased conductance of selenium under a 
given illumination far exceeds the number which could be set free by photoelectric 
action of the absorbed light according to the quantum equivalence principle. The 
theories of the light-sensitivity of the selenium photoconducting cell remained 
obscure and doubtful, until Gudden and Pohl succeeded in accounting for the 
observed changes in conductance by observations of the secondary effects following 
primary ionization; they proved that secondary photocurrents arise which are 
essentially electrolytic in nature. 

In the rectifier cells dealt with in this paper the current produced can be 
associated directly with the primary photoelectrons, as in the case of the photo- 
emissive photoelectric cell. Qualitatively all that is necessary is to show that the 
maximum measured current for any given incident flux is appreciably smaller than 
the maximum theoretical photoelectric yield. Accordingly if each point on the 
spectral-energy distribution curve of the tungsten-filament source is weighted 
according to the spectro-photoelectrical sensitivity of cell no. 5, integration of the 
resultant curve will give the total effective energy-emission of the lamp. Thus from 
the known area of the cell the effective incident energy can be calculated for an 
‘Ilumination of 200 ft.-can. If this energy were concentrated in a narrow band 
of wave-lengths in the region of maximum sensitivity (5700 A.) and completely 
converted, the electrical yield according to the quantum equivalence principle 
would be of the order of 6500 x 10-6 A. For cell no. 5, the current obtained at 
200 ft.-can. is only 343 x 10°° A. It is therefore reasonable to conclude that the 
observed photocurrent is directly associated with the primary photocurrent arising 
from the optical release of bound electrons. The assumption has already been stated 
in the discussion of theories in We 

If the current density in R, is very high, one must expect the cell to show all 
the known characteristics of selenium resistances, namely drifting, inertia and 
remanence effects, and such have been observed with high values of the incident 
illumination. For accurate work, therefore, it is important to restrict the use of the 
cells here described to illuminations giving a short-circuit current not exceeding 


100 pA. 
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§6. SEALING OF CELLS 


Absorption of moisture is found to lead to disintegration of the sputtered film” 
and to complicated behaviour of the selenium resistance R,. Work is in progress 
on the use of moisture-proof colourless lacquers. The results given in this paper 
were obtained as soon as possible after construction of the cells, which were kept 


in a desiccator over phosphorus pentoxide. 
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DISCUSSION 


Dr WALSH. The type of cell which the author has studied is of great and con- 
tinually increasing importance to those who are interested in the measurement of 
illumination and in photometry generally. It is therefore of great value to have a 
description of the way in which these cells can be made, so that the mystery which 
has hitherto surrounded their construction no longer daunts anyone wishing to 
adapt them to a particular problem or type of measurement. ; 
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For illumination photometry the two matters of outstanding importance are 
i) the spectral sensitivity curve, and (ii) the extent to which the sensitivity of the 
cell varies with the obliquity of the incident light. ‘The ideal would be a cell which 
was unaffected by obliquity and for which the sensitivity curve was exactly the same 
as that for the eye. It is greatly to be hoped that the author will continue his re- 
searches and so bring this ideal nearer to realization than it is at present. 


’ Dr M. Benjamin. There are one or two points in the paper on which I am not 
quite clear. How exactly is the current carried through the selenium-sulphur film? 
Is it electronic or electrolytic in nature? The theoretical treatment in the paper 
makes use of Wilson’s theory of semi-electronic conductors. This theory depends 
on the presence of an impurity in the pure substance, the impurity atoms supplying 
electrons to the empty energy-band of the pure substance, these electrons then 
becoming conduction electrons. If the theory is applicable to these rectifying cells, 
it would appear that the current should mainly be conducted electronically. 

The author states that spectroscopic evidence indicates that the amount of any 
impurity is probably ‘nsufficient to allow Wilson’s theory to apply. Actually the 
theory will apply even when the impurity-concentration is only of the order of one 
part in one million. Does the author believe that the conductivity is at all dependent 
on the presence of a suitable impurity, and if so, has he any views as to its nature? 
With regard to the marked dependence of the conductivity on the annealing tem- 
perature of the sulphur-selenium film, may it not be that the exact nature of the 
sulphur-selenium lattice is dependent on the annealing temperature? Alterations 
in the lattice will result in alterations in the energy levels, and therefore in the 
conductivity. “ 

The X-ray examinations showed that mixed crystals of selenium and sulphur 
were formed. Did the chemical composition agree exactly with the amount of 
sulphur added, or is the composition dependent on the annealing temperature? 
If the solid solution does vary in composition, this may explain the variations in 
- conductivity. 


Auruor’s reply: I should like to thank Dr Walsh for his comments on my work. 
Dr Benjamin’s first question concerning the nature of the electrical conduction in 
the selenium-sulphur film is answered in paragraph 5°54. Owing to the extreme 
difficulty of determining both the nature and the amount of the impurities present 
in the elements used for these cells, any discussion as to how the conduction 
electrons are derived can have little scientific value. Undoubtedly, the formation 
of the selenium-sulphur lattice is greatly influenced by the annealing temperature. 
This has been studied in the case of selenium alone, and the results are considered 
in my book The Selenium Cell. The formation of the eutectic mixture of the 
selenium and sulphur depends, of course, upon the annealing temperature. 


502 


771-351 


THE DEVELOPMENT OF THE PHOTO- 
GRAPHIC LENS 
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Address delivered on fanuary 18, 1935. 


§r1. INTRODUCTION 


British physicists a better conceit of their national heritage, based on the 
knowledge that the principal fundamental inventions concerned in the de- 
velopment of photographic lenses have been British inventions. The second is to 
show that, with one exception, the development of photographic lens design has 
consisted at each successive step of only a small advance on traditional design. 
This process of development, which is usual with inventions in general, is well 
illustrated by the case of the shot gun in its descent from the bow and cross-bow. 
When gun-powder was invented the cross-bow was in use, and the barrel of the 
shot gun was fastened to the old stock of the cross-bow; but because it was not seen 
how to use the trigger, this remained for a time out of use, like the buttons on the 
back of our tail coats. A touch-hole was put in the side of the barrel so that the 
charge could be exploded by a match applied to the mouth of the hole. Then, the 
better to ensure ignition, the mouth was enlarged into a pan which had to be separately 
primed, and presently a hinged cover was fitted to keep the priming dry. Gradually 
the trigger came into use again; a spring-urged cock was fitted to carry a flint, and 
the trigger held this ready for action. When the trigger was released, the flint came 
down, lifted the cover from the pan, and struck a spark which ignited the priming. 
In the course of time the percussion cap was invented, the flint was discarded and 
the cock became a hammer to strike the separate percussion cap. Then the charge 
of gunpowder was put in a packet for better convenience and to save time in loading 
the gun, but the packet had to be broken to expose the powder. This was the begin- 
ning of the cartridge. Presently it was seen that it would be better to attach the 
percussion cap to the cartridge, and in order to reach the cap each cartridge was 
provided with a pin projecting from its side ready to be struck by the hammer in 
the gun; but the gun had to be altered to receive this cartridge and became a 
breech loader. The cartridges were dangerous things to carry, and had to be placed 
in the gun ina particular way with the pin toward the hammer, and in time the pin 
was put in the axis of the cartridge. Afterwards it was seen that it was superfluous 
and dangerous to provide each cartridge with a pin, so the pin was housed once for 


Te address has been prepared with two main objects. The first is to give 
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all in the gun and the percussion cap set flush in the head of the cartridge as we now 
know it; but for a long time the hammer of the gun operated transversely to the 
axis of the gun, and finally it was changed to operate along the axis in line with the 
pin. 


The development of the photographic lens has followed a similar course and 
“with few exceptions has clung closely to tradition. 


§2. FORM OF SURFACE 


The ordinary photographic lens has hitherto employed spherical surfaces, 
mainly for the reason that no other form of surface has been commercially attainable 
with the requisite accuracy. The order of accuracy commonly desirable and com- 

-monly attained is within one or two wave-lengths of light, measured as departure 
from sphericity by means of an accurate counterpart of the surface placed in contact 
with it so as to exhibit any disconformity by means of Newton’s rings. Lens- 
surfaces of such accuracy are, and probably must always be, produced by grinding 
and polishing with abrasive charged laps; and the only form of tool which can be 
moved upon the work in various directions to abrade it while maintaining continuous 
surface contact with it so as to govern its shape is the spherical form. 

No appliances based upon mere line or point contact have hitherto been made, 
nor probably ever will be made, sufficiently rigid to operate commercially with this 
accuracy. 


§3. HISTORICAL 


The first step. The use of simple lenses with spherical surfaces for forming 
images of objects goes back to antiquity. It was Chester Moore-Hall an English 
amateur who in 1733 discovered, and Dollond an English optician who in 1757 
independently re-discovered and ‘‘reduced to practice”, the fact that by suitably 
combining a double-convex collective lens of crown glass with a nearly plano- 
concave dispersive lens of flint glass, it was possible to correct the chromatic error of 
single lenses which causes different colours of the spectrum to focus at different 
distances. They also discovered that, by the same means, it was possible to correct 
the so-called spherical aberration of the single lens which causes rays of light from 
one object point, ‘ncident at various zones of .the lens surface, to focus at a corre- 
sponding variety of distances instead of at one common distance. The angular 
extent of the image well defined by Dollond’s objective was only about one or two 
degrees, but this invention furnished the common form of telescope objective used 
for over a century, and still used ; and this became the nucleus from which more and 
more perfect lens systems for photography were evolved. 

The second step in this evolution was made in 1830 by Lister, the father of Lord 
Lister, who constructed microscope objectives by combining two of Dollond’s 
telescope doublets (the two flints facing the object which he wished to magnify) to 
obtain increased aperture and ‘Illumination, and he so spaced them apart that they 
corrected each other’s coma. 
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The third step was collateral with Dollond’s invention. In 1802 Wollaston, an 
English physician and amateur optician, discovered how to correct astigmatism 
and produce lenses giving reasonably well-defined images of greater angular extent. 
He applied his invention first to the correction of the astigmatism of spectacle 
lenses, and in 1912 to the camera obscura and camera lucida. He perceived that in 
order to be free from astigmatism the lens must focus at the same distance lines 
radial in the field and lines at right angles thereto; and this he secured, as shown in 
figure 1, by giving the lens a meniscus form and placing a stop at a suitable distance 
from its concave side. The significance of the distance was that it determined the 
particular zone of the meniscus through which light passed at any given angle to the 
lens axis. Probably Wollaston arrived at his discovery experimentally, but it 
readily follows from consideration of the first-order aberrations. 

If E is the coefficient of spherical aberration, J that of coma, and d the distance 
of the stop from the lens, the condition for removal of astigmatism in a simple lens 
with a stop 1s 
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For a collective lens, E is positive and d? necessarily so; so that Jd must be negative, 
i.e. the coma will be of different sign according to whether the stop is placed in 
front of or behind the lens. In the case of spectacles the stop or diaphragm is the 
centre of rotation of the eye, and is consequently on that side of the lens remote 
from the object. A century elapsed before the advantages of Wollaston’s meniscus 
spectacle lenses were generally appreciated, but the form is now in common use. 

In the camera obscura Wollaston placed the lens between the stop and the focal 
plane or, as we should say, placed the lens behind the stop, so that d is positive in 
equation (1); consequently J must be negative. It can easily be shown that equation 
(1) always yields two real solutions if the lens is a meniscus with its concave surface 
facing the stop. Of course, in practice the smaller value of the stop-distance d is used. 

If the lens is placed in front of the diaphragm, d is negative and J must be 
positive. It can be shown, by putting in the value of the aberrations in terms of the 
lens form, that there will be real roots only if the ratio of the power of the first 
surface to that of the lens is greater than the square of the refractive index. This 
relation seems to have been overlooked for a century, and from it a construction of 
meniscus lens has recently been patented". 

The locus of all image points in the field of Wollaston’s lens (which he called 
periscopic) was not a plane but a surface concave to the lens—in current terms, his 
lens had an uncorrected field; also it was not corrected for spherical or chromatic 
aberration or distortion. At small apertures, however, the definition was sufficiently 
good for early photographic cameras and this simple meniscus of Wollaston is still 
made by the million for cheap cameras. 

Of the fourth step, the correction of distortion, the authorship is disputed, but 
it is based on Wollaston’s invention and dates from about 1860. Distortion h can 
be expressed in terms of the other aberrations by an equation which, for a simple 
lens, has the form: 


h=(3t1/n)d+3l.@+E.d® 1, (2) 
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and this cannot be zero unless d=o. It follows from the equation that if two lenses 
are equally spaced on opposite sides of a stop, and have equal powers F’ and equal 
amounts of coma but of opposite signs, the distortion will be small if Z, the coef- 
ficient of spherical aberration, is not large, since F is multiplied by the cube of a 
small quantity d. These conditions are nearly satisfied by employing two equal 


_ menisci on opposite sides of a diaphragm. Such a system is also approximately 


free from coma. It is still used in photography, generally under the name of “the 
periscopic system”’. The aberrations still uncorrected are spherical and chromatic 
aberrations and field curvature, and these limit the aperture to about f/11. 

The next problem to arise was that of increasing the aperture of the lens in 
order to make portrait photography commercially feasible. This, the fifth step, was 
first taken by Joseph Petzval, a Hungarian mathematician, in about 1840. His lens 


_ in shown in figure 2. Starting with the objective of Dollond, corrected for spherical 
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| Figure 3. Dallmeyer rapid rectilinear, 


Figure 1. Wollaston’s meniscus British patent specification no. 


lens, 1812. 2502/1866. A. Steinheil aplanat, 


Figure 2. UG Seer a ia ae portrait Bavarian Pat. 1866. 


and chromatic aberrations, he placed a stop behind to correct its astigmatism. as 
Wollaston had done. He chose a form with rather a small value of coma, but this 
entails a large stop-distance, as equation (1) shows. Behind the stop he placed 
another pair of lenses and at such a distance that their astigmatism was corrected 
by the stop. These pairs of lenses were separately corrected for spherical and 
chromatic aberrations and the rear pair had coma equal but of opposite sign to that 
of the front pair (whence the difference in form), so that the comas cancelled out. 
His complete system was thus corrected for spherical and chromatic aberrations, 
coma and astigmatism, and he realized an aperture of f/3 (i.e. the diameter was one- 
third of the focal length). 

Petzval’s lens had the disadvantage that curvature of field was uncorrected and 
further that, owing to the great distance of its members from the stop and from one 
another, its field was very small (with a total angle of about 15°). Nevertheless, in 
the hands of the portrait photographer (a great conservative) this lens largely 
survives. 

In the ’sixties Dallmeyer in England and Steinheil in Germany, concurrently, 
took the sixth step by introducing the rapid rectilinear lens which gave the photo- 
grapher a lens with a moderately extended field. ‘The rapid rectilinear (or rapid 
symmetrical or rapid aplanat, as it was variously called) is shown in figure 3. It also 
started from the inventions of Dollond and Wollaston, and employed two cemented 
achromatic doublet objectives, each with a large amount of coma and consequently 
requiring only a small stop-distance to correct the astigmatism, equation (1). ‘The 
two faced one another so that one was the mirror of the other with respect to the 
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stop, and thereby coma and distortion were corrected, see equation (2)—hence the 
name “ rectilinear”. The large amount of coma was obtained through suitable choice 
of glass. If cemented achromatic doublets free from spherical aberrations are 
calculated for a number of different pairs of glass (crown and flint), it will be found 
that those made from pairs having small differences in refractive index and in dis- 
persion have larger amounts of coma than those made from pairs having greater 
difference in these optical properties.* 

The inventors of the rectilinear lens employed light flint glass for the crown lens, 
together with the usual dense flint. The smallness of the difference in refraction and 
dispersion between these two glasses produced a doublet having a large amount of 
coma, and of meniscus shape with very deep curves. The small stop-distance deter- 
mined by the coma made the system short, and the lens had the comparatively large 
field of 40° to 50°, but the depth of the curves limited the aperture to //8, and it 
could not have freedom from astigmatism and a flat field at the same time. 

In 1827 G. B. Airy, Astronomer-Royal, indicated the requirements of the next, 
the seventh step, the flattening of the field. He pointed out that the locus of the focus 
of points off the axis was different when the rays are in the plane containing the 
object point and lens-axis (primary plane) from the locus when the rays are in a 
plane perpendicular thereto (secondary plane). The two loci he found for a single 
lens (considering up to the second power of the angle of field) to be circles both 
concave to the lens and having the respective radii of curvature nf/(37+1) and 
nf/(n+1), where f is the focal length and m the refractive index. If astigmatism is 
corrected the two loci coincide with a radius of field curvature of mf. Airy’s work was 
unknown on the continent and thirteen years after his publication (in 1840) the 
condition for flatness of field was independently discovered by J. Petzval. 

Instead of considering the radii of curvature as Airy did, it is usual to consider 
the curvature of the field, viz. 1/nf for F/n, where F is the power of the lens. Then 
for a system of thin lenses the total curvature of the field is the sum of the values 
F/n. In particular for a pair of glasses, as in an achromatic doublet, if F, and F, are 
the respective powers and the glass materials are defined as m, and v, and m, and v, 
respectively, the condition for flat field is: 

F,/n, — F,/n.=0, 
and the condition for achromatism is: 

F,/V,—F,/V,=0, 
V is defined as (n— 1)/(n,—m,), where n, and ny are the refractive indices for the two 
rays to be achromatized, and nm their mean value. 

If these two equations are to be consistent, a large refractive index must be 
associated with a large value of V or a small dispersion, and glass of low index 
should have large dispersion, whereas in the crown and flint glasses alone available 
in the time of Airy and Petzval high index was associated with high dispersion. 

In 1888, Abbe and Schott produced glasses with the necessary properties, and 


* This has been discussed for example in C 


Sak and RW Chenin, onstructional Data of Small Telescope Objectives, by 
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soon afterwards Schroeder (of Ross) patented™ the first anastigmat, that is, a lens 
having a substantially flat field substantially free from astigmatism. The lens, which 
is shown in figure 4, consisted of two achromatic doublets each using the new 
barium crown glass of high refractive index for the outer glasses, and the new light 
flint glass of low refractive index for the inner glasses to correct the field; astigma- 


_ tism and coma were corrected as in Wollaston’s invention by suitably spacing the 


stop in relation to the lens members. Correction of spherical aberration was im- 
possible with this form of lens, as it would require the refractive index of the flint 
to be higher than that of the crown. ‘The aperture was accordingly limited to //16. 

‘Thus it seemed that the new glasses had removed one aberration, field-curvature, 
at the expense of another, spherical aberration. Rudolph (of Zeiss) then conceived 
the idea, shown in figure 5, of combining an achromatic doublet in front made of 
old glasses, which would correct the spherical aberration, with one in the rear made 
of the new glasses, to flatten the field. ‘This in 1890 was the first anastigmat cor- 
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Figure 4. Ross (Schroeder) con- Figure 5. Zeiss (Rudolph) protar, Figure 6. Zeiss (Rudolph) double 


centric, British patent specifica- British patent specification protar, British patent specification 
tion no. 5194/88. no. 6028/90. no. 19,509/94- 
J I | 
Figure 7. Goerz (v. Hoegh) dagor, British Figure 8. Zeiss (Rudolph), British 
patent specification no. 23,378/92. patent specification no. 4692/93. 


rected for spherical aberration. ‘The old achromat was in front and the new achromat 
behind the diaphragm. ‘The aperture was f/7-5, and slightly better than that of the 
rectilinear lens. Four years later he combined his old and new achromats in one, 
making a quadruplet which he duplicated. This is shown in figure 6. 

The order of refractive indices in each member was: low-index flint, high-index 
crown (forming the new achromat), low-index crown, high-index flint (forming the 
old achromat). Two of these quadruplets were used, one before and one after the 
diaphragm, to correct coma and distortion. ‘The new achromats were the inside 
pairs and the old the outside pairs of the complete system of eight glasses. . 

Von Hoegh (of Goerz) in 1892‘) accomplished the same result with only Six 
elements, figure 7. He placed the pairs of new glasses outside instead of inside the 


} pairs of old glasses so that the order of refractive indices was such that in each 


half of the system he could give two interior elements the same index, and these 
became one single double-concave dispersive element, which was set between two 
collective elements. Zeiss afterwards adopted the same simplification with a similar 
sequence of refractive index, figure 8. His components consisted each of a double- 
convex element between a double-concave element next the stop, and a meniscus 
dispersive element outside. But this form was abandoned by Zeiss in favour of the 


earlier eight-element type. 
32-2 
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§4. THE BREAK FROM TRADITION 


We have seen that up to this time the practical development of the photographic 
lens had proceeded step-by-step along lines which had become traditional and which 
tended to more and more elaborate constructions. In the earlier stages Englishmen 
had taken a predominant part, not only in invention but in the mathematical treat- 
ment of the subject. Airy’s work was extended in 1829 and 1830 by the Cambridge 
mathematician Coddington, whose work was in turn the basis of Dennis Taylor’s 
and was developed by him in his Applied Optics published in 1906; but latterly the ~ 
Germans had taken the lead, and this was due partly to the theoretical work of 
Von Seidel who had, in 1856, reduced the mathematical expressions for optical 
aberrations to forms more convenient for the use of lens-computers than any 
previously published in the German language, and partly to the stimulus given by 
the glass production of Abbe and Schott. 

In 1893 another Englishman, with the penetrating vision of genius and the true 
spirit of inventiveness, stepped aside from tradition and solved this complex 
problem by using only three lens elements. This was H. Dennis Taylor who was 
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Figure 9. ‘Taylor-Hobson (H. D. Taylor) Cooke lens Figure 10. Dallmeyer (Aldis) stigmatic, British 
(final form), British patent specification no. 15,107/95. patent specification no. 16,640/95. 


honoured for his work by receiving the Duddell Medal of this Society last year. 
He satisfied the Airy-Petzval condition in a new way; see figure 9. He began by con- 
sidering a collective and a dispersive lens of equal or approximately equal power, 
and spaced apart so that they had a combined collective power to form a real image. 
If two lenses of powers F, and F, are separated, and the weaker (if they are not 
equal) is dispersive, then the system is collective and the greater the separation the 
greater the power; but the Airy-Petzval sum, indicating the degree of curvature of 
the field, remains the same whatever the separation. Consequently, by employing 
a negative and a positive lens separated from one another, it is possible to correct 
the curvature of field with almost unlimited choice of refractive indices. 
In order to correct distortion he divided the postulated collective component 
into two, placing one part on one side of the dispersive component and the other on 
the other side. Hitherto it had been considered necessary to achromatize each 
separate component of a lens system in order to achromatize for points off the axis. 
Dennis Taylor, although in his first design he followed this tradition, subsequently 
discovered that he could achromatize the system as a whole without achromatizing 
the individual components. He corrected spherical aberration and coma by suitable 
anes curves, and astigmatism by making the separation from the stop of the 
collective components greater than that of the dispersive 
the collective elements outside the dispersive wien ‘dale Fo Paes ae 
No fundamentally new principle of ph fale onda tiner ee aA 
. | photographic lens design has been originated 
since Dennis ‘Taylor invented this lens forty years ago. 
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H. L. Aldis (then with Dallmeyer), in his “‘stigmatic” lens, figure 10, changed 
the order of Dennis Taylor’s elements by placing the dispersive outside the collec- 


_ tive components. This necessitated, in all components, a meniscus form for the 


correction of spherical aberration and the compounding of some or all of them for 
chromatic correction. 


§s5. INFLUENCE OF THE CINEMA 


During the latter half of this period the predominant influence in the develop- 
ment of photographic lenses has been that of the cinema and film production; and 
this has demanded lenses substantially free from all aberrations and of increasingly 
large apertures. 

At first when lenses with apertures so large as f/2 were offered to the photo- 
graphers in Hollywood they were rejected because experience had taught that 
apertures must be limited in order to get sufficient depth of focus; but this objection 
has been removed by the realization that for a given size of final image the shorter 
the focal length of the lens used for the original photograph the greater is its effec- 
tive depth of field, and owing to the small area of the cine film picture (the “frame ’’) 
relatively short-focus lenses with larger apertures have come into use. Thus the 
glare and heat of excessive illumination are reduced, greatly to the comfort of the 
actors. 

The recent development of fine-grain photographic emulsion for cinema film 
has stimulated a general demand for smaller cameras and lenses of proportionately 
short focal length, greater consequent depth of field, greater rapidity, and generally 
more critical definition. 

In these and other developments, since the date of Dennis Taylor’s invention, 
three principal types or families of lens have been the subjects of work by various 
opticians. First the continental type of lens based on the designs of Rudolph (of 
Zeiss), figure 6, and Von Hoegh (of Goerz), figure 7, which are capable of yielding 
relatively large field but with restricted aperture. Second, the Petzval type, figure 2, 
characterized by extreme aperture but small field; and third, lenses based on the 
principles of Dennis Taylor’s invention and characterized as being capable of 
yielding both extreme aperture and moderately large field. 


§6. THE CONTINENTAL TYPE OF’ LENS 


Lenses of the continental type had one advantage in the eyes of photographers, 
namely their convertibility. Since they were made of two similar components of 
different focal length, separately achromatized, either component could be used by 
itself as a partially corrected lens and with these the photographer had two, or 
sometimes three, different lenses at his disposal. Continental design was directed 
either to improving the performance of the separate half-lenses or to increasing the 
aperture, both aims generally leading to greater complexity of design. Messrs 
Watson increased the aperture of the Zeiss six-lens f/6°8 convertible lens to f/4°8, 
while Messrs Ross (Mr Hasselkus) increased the aperture {/6-8 of the Zeiss eight- 
lens formula to f/5°5 in their “combinable” lens, while Taylor, Taylor and 
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Hobson (Mr Lee) further extended the aperture to f/4:5. Ross (Hasselkus and 
Richmond) increased the aperture, f/6-8, of the Goerz lens to f/4 by separating one 
element in each component, figure 11 () This lens, on account of its large field 
(70°) and aperture, has proved valuable for photographic aerial survey work. Other 
modifications were made by Steinheil and Voigtlander, figure 12. 

The greater complexity resulting from efforts directed to increasing the con- 
vertibility of this type of lens is shown in lenses made by Goerz, figure 1 rs 
Turner and Reich” and Taylor-Hobson (H. W. Lee), figure pF teem 
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; Figure 12. R. Steinheil ortho- 
Figure 11. Ross (Hasselkus and  stigmat, British patent speci- Figure 13. Goerz(v. Hoegh), Figure 14. Taylor-Hobson 
Richmond) wide angle, f/4, fication no. 12,949/95. R. British patent specifica- (H. W. Lee) convertible, 


British patent specification no. von Voigtlander collinear, tion no. 13,904/97- British patent specifica- 
295,519. British patent specification tion no. 376,044. 
no. 18,723/96. 


§7. THE PETZVAL TYPE OF LENS 


To supply the demand for more rapid lenses the Petzval type of lens has been 
developed, and Mr Warmisham (of Taylor, Taylor and Hobson) has invented many 
modifications and improvements of this lens, taking the aperture to f/1-5. The form 
illustrated in figure 15 has proved particularly suitable for use in the photographic 
recording of sound, on account of its field correction. Figure 16 shows a modified 
Petzval lens by Kodak. Zeiss, by adding another element, figure 17, have recently 
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Bigure 15, Taylor-Hobeon (A. Warmisham), British patent specification no. 342,889. ONES. palnck specfineier ae eae i 


caus the aperture to f/o-85 to make possible the cinematography of X-ray 
lagrams, work specially associated with the names of Drs Russell Reynolds in 
ngland and Robert Janker of Bonn. These high-speed lenses retain the character- 


istic qualities of the original Petzval lens, namely narrow angle of field and field 
curvature, faults which become aggravated as the aperture is increased. 
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€3, DESCENDANTS OF THE H. D. TAYLOR TYPE OF LENS 


With the continental type of lens restricted in its aperture, and the Petzval type 
in its field, the invention of Dennis Taylor has become more and more dominant 
and the subject of development by various opticians. 

Dennis Taylor’s lens of three simple elements can, by the use of glasses made 
EA since the date of his invention, be made capable of performance over a field 
of 40° at an aperture of f/3 or, in the case of short-focus lenses, an aperture Ob f/ 25. 

He had shown that while only two lenses, collective and dispersive, were neces- 
sary for field-flattening, it was necessary to divide the collective lens into two for 
the sake of other aberrations. He also suggested that the dispersive lens could be 
divided into two, and these elements could be placed one on each side of the stop 
and between the two collective lenses as shown in figure 28. These two forms of 
Dennis Taylor’s invention, which may be called the “triplet” and the “ quadru- 
plet”’, have been the parents of later developments which have generally consisted 
in (a) replacing one or more of the simple elements by more or less complicated 
cemented components; (5) replacing one or more single elements by a pair or pairs 
of elements of like kind (for example as the quadruplet arose from the triplet), and 
(c) combinations of (a) and (6). 

Many .of these modifications have resulted in improved performance of the 
type, and some of them have resulted in avoiding patent claims! Before illustrating 
examples of these elaborations of the original Dennis Taylor lens, we illustrate, in 
figure 18, a modification due to H. L. Aldis in the cementing together of the front 
pair of elements. We have selected for illustration a number of characteristic 
developments of the Dennis Taylor triplet. 

In the class (a) may be mentioned the Zeiss tessar (Rudolph and Wander- 
sleb), figure 19, in which the back component is double though not achromatized, 
and the Voigtlander heliar, figure 20, in which both front and back are made 
double., L. B. Booth also compounded the front and back to produce the Dall- 
meyer //2°9 lens, figure 21. 

Recent developments, figure 22, of the triplet are due to Berek (of Leitz)" who, 
by making all the components complex, realized an aperture of f/2; and, figure re ee 
apertures f/2°8 to f/2, to Zeiss. 

In the second class (b) comes the Taylor-Hobson f/2°5 lens, figure 24, with 
double-back component, and the Ernemann (now Zeiss-ikon) series of lenses having 
apertures up to f/2, figure 25, in which the front lens was first divided into two separate 
simple elements but is now compounded, though not achromatized, and falls into 
class (c), figure 26. Figure 27 shows an example of divided dispersive component, 
the Meyer plasmat f/1°5. The most useful form of this class (4) is that in which both 
dispersives are double-concave, in accordance with the original suggestion of 
Dennis Taylor. This quadruplet was developed by Goerz in their celor and dogmar 
lenses, and further, figure 28, by Warmisham (Taylor, ‘Taylor and Hobson) for 
photography from aircraft during the war">), for which purpose he improved its 
corrections for oblique spherical aberration and coma and for zonal astigmatism, So 
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Figure 17. Zeiss F/O 85, U.S. patent specification no. 1,967,836. 
Figure 19. Zeiss(Rudolphand Wan- Figure 20. Voigtlander (Harting) 
Figure 18. H. L. Aldis, British dersleb) tessar, British patent hilia, British patent specification 
patent specification no. 5170/o1. specification no. 13,061/02. no. 13,441/02. 
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Figure 21. Dallmeyer (L. B. Booth) pentac, 
British patent specification no, 151,506. Figure 22. Leitz (Berek), British patent specification 
no. 382,246, 


(R44 


.. é _ , : Figure 24. 'Taylor-Hobson (H. W. Lee 
Figure 23. Zeiss, British patent specification no. 383,591. British patent ‘apeckieadiant siaee? 
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that a very small aberration patch for points off the axis resulted. This type of lens 
has been developed by Dr Ross in the United States of America and by H. W. Lee, 
in another direction, for the photography of stars for measuring their positions. In 
a lens made for the Cape Observatory of 35 inches focal length and including an 
angle of 40°, the mounting is interesting because it provides for free circulation of 
“air so as to reduce the effects of differences of temperature on the system. The 
requirements of such lenses are that the star-images should be perfect circles, that is 
to say that the images of all points in the field must be quite free from coma and 
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Figure25. Ernemann, British patent specification no. 237,212. Figure 26. Ernemann, British patent specification 
no. 237,519- 
Figure 28. Taylor-Hobson (A. Warmisham) aviar, 
British patent specification, no. 113,599- 
Figure 27. Meyer (Rudolph) plasmat, British Figure 29. Busch omnar (K. Martin), British 
patent specification no. 401,630. patent specification no. 19,504/O1. 


astigmatism, for the position of a star-image can be accurately measured only if 
the image is circular. | 

The quadruplet can be put into another form by making all the separate com- 
ponents simple meniscus elements. This was done in 1900 by H. Meyer“ and in 
rgot by K. Martin (of Emil Busch)” with an aperture f/6°8, figure 29. Lenses of 
this general form have since been extensively made by other manufacturers. When 
modified, it is particularly adapted to provide wide-angle lenses limited to small 
apertures. 

Rudolph (of Zeiss) employing thicker dispersive components, figure 30, was 
able while satisfying the Airy-Petzval condition, to use shallower curves, and thereby 
the aperture was increased to f/3°5. ‘This was the planar‘ which comes into 
class (c). In 1920 H. W. Lee increased the aperture to f/2, figure 31. Recently 
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Zeiss have increased the aperture to f/1-4, and Taylor, Taylor and Hobson 
(H. W. Lee) to f/1-5, while more recent constructions of Taylor, Taylor and 
Hobson, shown now for the first time, are due respectively to A. Warmisham, 
figure 32 (aperture f/1-3)° and H. W. Lee), figure 33 (aperture f/1). 


Figure 30. Zeiss (Rudolph) planar, British 
patent specification no. 27,635/96. 


Figure 32. Taylor-Hobson (A. Warmisham), British patent 
specification no. 408,787. 
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Figure 31. ‘Taylor-Hobson (H. W. Lee), 
British patent specification no. 157,040. 


Figure 33. 'Taylor-Hobson (H. W. Lee), British patent specification no. 419,552. 


§9. LENS OF VARIABLE FOCUS 


Another problem arising from the demands of the cinema is the provision of a 
lens of continuously variable focal length. The cinematographer likes to vary the 
scale of his picture. ‘This can be done discontinuously by applying to the camera a 
turret of lenses of different focal lengths, or continuously by placing the camera on 
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wheels and moving it about. But the advent of the sound film has rendered move- 
ment of the camera during action objectionable. The best solution of the problem 
is the provision of lenses of continuously variable focal length. In addition to 
others, references to which are lacking, Warmisham has designed the lens 
illustrated in figure 34. The difficulties of design are both optical and mechanical. 
‘The optical system comprises three relatively movable parts of which the outside 
two, A and B, are dispersive and compound, and the inside part C isa large-aperture 
photographic lens. The lens system ;s drawn in continuous lines to indicate the 
position corresponding to its long focal length, and the members A and B are drawn 
also in dotted lines to show the positions which give the short focal length. When the 
lens is giving a short focal length there is a large angular field to be corrected, while 
in the long-focus position the aperture will be small unless the diameters of the 
lenses are made large, and such diameters would be enormous for the short-focus 
wide-angle position. Some compromise of aperture with long focus is therefore 
unavoidable. Mr Warmisham’s lens has an aperture of f/3°5 at a focal length of 
40 mm. and //8 at a focal length of 120 mm.; a 3:1 ratio of scale is thus possible. 
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Figure 34. Taylor-Hobson (A. Warmisham) varo, British patent specification no. 398,307- 


The mechanical difficulties are concerned with the cutting of precision cams to 
control the movements of the several components of the lens so as to maintain both 
the correction of aberrations and the focus on the film, as the focal length changes, 
and also to alter the iris diaphragm so that the f values remain correct. 


§10. THE TELEPHOTO LENS 


The telephotographic lens consists of a collective lens with a dispersive lens at 
such a distance behind it that the nodal planes are thrown right in front of the 
system, and the space between the lens and the focal plane is much reduced. Hence 
while the focal length may be large the camera is compact. The principle was first 
applied to telescopes in 1834 by Barlow and to photography in 1891, almost simul- 
taneously in England (by Dallmeyer), France and Germany. In distinction from the 
normal type of lens of the time, with its field concave to the lens, the telephoto field 
was at first convex, its Airy-Petzval sum being over-corrected owing to the great 
_ separation between collective and dispersive components. The performance of these 
lenses was consequently poor. It was not until 1914 that the first anastigmat 
telephoto lens, figure 35 (aperture f/6), was made by Taylor, ‘Taylor and Hobson 
under the British patent of L. B. Booth®® and lenses of this construction were 
largely used in the War by the Royal Air Force. 
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Lee and Booth improved this lens by reducing the number of air-glass surfaces 
and increasing the aperture to f/4-5, the later Lee?, by separating the collective 
component into two, figure 36, increased the aperture to f/3°33 and by separating 
the rear elements he corrected the distortion, a result which has not been achieved 
in any other telephoto lens. Figure 37 shows the Zeiss telephoto tessar lens”, and 
figure 38 shows the Ross (Hasselkus and Richmond) telephoto lens , 
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Figure 35. Taylor-Hobson (L. B. Booth) 


telephoto, British patent specification Figure 36. Taylor-Hobson (H. W. Lee), 
no. 3096/14. British patent specification no. 222,709. 
| | } : | | | 
| | 
Figure 37. Zeiss tele-tessar, British Figure 38. Ross (Hasselkus and Rich- 
patent specification no. 179,529. mond) teleros, British patent specifi- 


cation no. 188,621. 


§1r1. INVERTED TELEPHOTO LENS 


By inverting the telephoto lens construction we get a system in which the nodal 
plane lies between the lens and the focal plane, i.e. the back clearance is greater 
than the focal length. This is sometimes an advantage when lenses of very short 
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Figure 39. 'Taylor-Hobson (H. W. Lee), British patent specification no. 355,452. 


focal length are needed; it is a necessity when space has to be provided behind such 
a lens, for example for the prisms used in some systems of cinematography in 
colour. ‘This calls for a lens having not only abnormal back focus but also large 
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aperture and considerable field covered at the usual high standard demanded by 
cinematography. Various forms of inverted telephoto lens have been devised for 
both projection and photography: for projection by N. Bowen (translux)°, and 
W. B. Rayton (of Bausch and Lomb) ®, the aperture being f/2°8; and for photo- 
graphy, by H. W. Lee (Taylor, ‘Taylor and Hobson)®”, in a lens having an aperture 
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Figure 41. Taylor-Hobson (H. D. Taylor), British patent specification no. 127,058. 


fe 40. R. and J. Beck (R. Hill), British patent 
specification no. 225,398- 


up to f/2, figure 39. The inverted telephoto type of lens has also been adopted by 
R. Hill and made by Beck (32) figure 40, in a lens for photographing the whole sky 
for meteorological purposes. The field is 180°, covered of course at an extremely 


small aperture. 


§12. THE NEGATIVE FIELD-CORRECTOR 


In 1866 Prof. C. Piazzi Smyth, the astronomer, suggested placing a dispersive 
_ (i.e. negative) lens close to the focal plane to correct the curvature of field of the 
' Petzval portrait lens with which he was taking astronomical photographs. In this 
position the negative lens exerts its full corrective power on the Airy-Petzval sum 
while it has practically no effect on the focal length or on spherical aberration. So 
impressed was Piazzi Smyth with the possibility that he constructed a miniature 
camera, taking pictures I in. square, to photograph hieroglyphics inside the 
Egyptian tombs. This was the first high-speed miniature camera ever made, and 
was thus some sixty years before ‘ts time and suffered the usual fate of being too 
far ahead of the age. Piazzi Smyth’s idea of field-correction was revived by Dennis 
Taylor in an fl2 lens“, figure 41, made by T.. Cooke and Sons and used at Mount 
Wilson Observatory for stellar photography. The Piazzi Smyth corrector is also 
now being applied by Dr Ross to the great new astronomical reflecting telescopes 
to adapt them for photography over a wider field than is otherwise attainable. 
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This story has now reached the stage when to pursue it entails vision of the 


future. . 
No lens is perfect. When we say that aberrations are corrected we mean not 


that they are reduced to zero but that they are confined within some postulated 
circle of confusion, and that itself is imperfectly defined. - 

It seems unlikely that great advance on the present position can be made by 
adding further complexity to lenses of the types we have described as having become 
traditional. It may be that another genius (and we may hope again an English 
genius) may see a new and simplified solution of a problem which again has been 


pursued near to the limits set by complexity. 
It may be that a solution will be discovered in the use of surfaces other than 


spherical, but that would not become practicable generally until we discovered 
means of producing and testing them during production and correlating the two 
surfaces of each element and the various elements with the requisite accuracy. 
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: APPARATUS FOR MEASURING THE ViscosITY OF LIQUIDS AT HicH PRESSURES. 

Demonstration given on December 7, 1934 by C. C. Mason, O.B.E., M.A., F.Inst.P., 
by the courtesy of the Burmah Oil Company, Ltd. 


The formula used in calculating the viscosity from the velocity of the sinker is 
that due to Lawaczeck. It contains terms showing that the velocity is proportional 
to the cube of the clearance between sinker and tube, and directly proportional 
to the difference in density between sinker and liquid. It is thus possible with 

several sinkers to cover a large range of viscosities. Four are provided having radial 
clearances of 0-6, 0°8, 1-0 and 1:25 mm. The sinkers are of brass and are hollow, but 
are made to receive a maximum of four tungsten weights. It is therefore possible to 
_ change the effective density, with the result that with the four sinkers viscosities 
between 10 and 500 centipoises can be determined. 


Figure 1. Sectional view of the apparatus. 


The inner brass tube is surrounded by another tube inside the steel tube. This 
intermediate tube carries a resistance mat, and is designed to encourage convec- 
tional circulation when current passes through the mat. Connexions to this and to 
the coils are brought in through the cover by means of an arrangement similar to 
a sparking plug. A vapour-pressure thermometer shows the temperature and, being 
provided with an adjustable contact, permits control of the temperature through 
the medium of a relay. 

In the demonstration the image of the galvanometer string was projected on to 
a screen, and when the instrument was inverted the four deflections were observed 
as the sinker passed through the four coils. 
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The instrument is primarily for the purpose of determining the pressure coeffi- 
cient of viscosity of liquids, and particularly of the mud mixtures used in the boring 
of oil wells. Heating-arrangements are included in the design in order that tem- 
perature effects also may be investigated. ie 

The fundamental principle is not new and consists In measuring the velocity of 
fall of a cylindrical sinker with spherical ends, under gravity, in a tube. This —a 
tube is of brass and is quite incapable of supporting the pressure of 4000 Ib./in? 
- which will be used. It is therefore enclosed in an outer steel tube. This is filled 


Figure 2. Typical records (reduced to half size). 


with oil and has a connexion to a pressure pump, and the pressures are com- 
municated to the contents of the inner tube through a rubber diaphragm at one end. — 
The outer tube has trunnions so that it can be inverted for the fall of the sinker. 
The movements of the sinker cannot be followed visually, and this difficulty is 
surmounted by the method that is used to measure the velocity of a projectile 
from a gun, although in the present case the velocities and dimensions are small. 
A small piece of cobalt magnet is inserted in the sinker, and on the outside of the 
tube are four coils equally spaced 7-5 cm. apart. These are connected in a series- 
parallel arrangement to a small permanent-magnet string galvanometer, and as the 
sinker passes through each coil the galvanometer string is deflected. The deflections 
are recorded photographically by means of a falling-plate camera, time lines being 
put on the record by momentarily interrupting the light through the galvanometer 


every tenth of a second with spokes on the rotor of a small synchronous motor 
driven from a.-c. mains. 
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REVIEWS OF BOOKS 


Introduction to Atomic Spectra, by H. E. Wurte, Ph.D. Pp. xii+457. (New York 
and London: McGraw-Hill Publishing Co., Ltd.) 30s. net. 


Practically every account of atomic spectra which has appeared in the last ten or twelve 
years is either too brief or too highly mathematical and theoretical for those about to take up 
the subject for special study. Dr White, a member of the team of very distinguished 
spectroscopists in the University of California at Berkeley, therefore set out to produce for 
such students an account to which neither of these objections could apply, and he has 
succeeded most admirably. This excellent book is highly recommended both to beginners 
and also to those who are already familiar with parts of the subject; and it is the only book 
of which the reviewer is able to say this so unreservedly and so cordially. 

Each section of the subject is opened as nearly as possible at the very beginning, 
logically developed, and unsparingly illustrated with excellent diagrams and spectrograms. 
One of the most satisfying features of the work is that the spectra themselves are never 
lost sight of for longer than is necessary. Short tables of selected observational data are 
given in the text wherever examples are required for further clarity of the discussion. Any 
attempt to include exhaustive numerical data, even for one atom or one group of atoms, 
would obviously be out of place in this new volume of the International Series, which 
already includes Bacher and Goudsmit’s recent book of data on Atomic Energy States. 
These two volumes might well be regarded as two parts of a single treatise, almost in- 
dispensable to the present-day spectroscopist. 

In the well-founded belief that the student can best understand the newer quantum 
mechanics through a thorough acquaintance with the spectra themselves and the Bohr- 
Sommerfeld orbits and the vector model, Dr White devotes the opening chapter to the 
early empirical analysis of line spectra, then develops the older and newer quantum theories 
of atoms having one valency electron (chapters 1-x), and afterwards deals with the more 
complex spectra of atoms having two or more valency electrons (chapters xI-xv). In the 
later chapters (XVI-XXI) accounts are given of X-ray spectra, iso-electronic emitters and 
their spectra, hyperfine structure, perturbations, the Stark effect, and the breadths of lines. 
The book is well indexed. 

The printing too is excellent; in only one respect, so far as the reviewer has yet noticed, 
could a slightly better setting be suggested ; an exponent might be printed after, rather than 
directly above a subscript; e.g., n2” and “Z,2” rather than“ n,” and “Z;,”. Perhaps two 
other matters in which some readers may not quite agree with the author might be men- 
tioned. First, such an expression as “ 11 wave numbers” (p. 36) is not a good alternative to 
“yy wave-number units” or “II cm”—in the analogous case nobody would say “11 
wave-lengths” instead of “11 a.u.”. Secondly, as to the discovery and naming of the 
fundamental series (pp. 6 and g) the late Prof. Hicks pointed out in his Treatise, and several 
times in conversation, that fundamental (which he first used in the sense hydrogen-like or 
Balmer-like) is just a name for which there is neither more nor less to be said than for the 
other names principal, sharp and diffuse; to call them Bergmann series seemed to do scant 
justice to Saunders’s earlier recognition of the Cs doublets or to Runge’s and Ritz’s 
discoveries of the connection with the p term. Two or three minor slips also might be 
mentioned. The last line of p. 25 should read “2 for ionized helium”. Of the three sections 
of Rowland’s map mentioned on p. 2, only two appear in figure 1.2, the section including 
the sodium D lines is omitted; and the section which purports to show the E lines (of 
;ron and calcium) is cut off just too short to include these, but has as its most prominent 
feature the b triplet of magnesium, which, moreover, is incorrectly lettered as H in figure 
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1.1; again “HT lines” in the top line of p. 3 should be “ H and K lines”. A second edition 
will, no doubt, afford Dr White an early opportunity of setting these matters right, for his 
book will surely be a standard work for many years to come. W. Je 


The Structure of Spectral Terms, by W. M. Hicks, Sc.D., F.R.S. Pp. xi+209. 
(London: Methuen and Co., Ltd.) ros. 6d. net. 


The late Prof, Hicks’s studies in spectroscopy were directed to the discovery of 
numerical relations between the wave-numbers of atomic spectrum lines and terms with 
little or no reference to matters concerning current theory of atomic structure. These 
studies extended over the last twenty-five or more years of his long and active life. When, 
in the early summer of last year, he was seized with illness which proved fatal (he died on 
August 17, within five weeks of his 84th birthday), the proof sheets of this his last work had 
only just been received and the proof-reading had hardly begun. In this formidable task 
he was to be assisted by Mr J. R. Clarke, one of his old students and now Lecturer in 
Physics at the University of Sheffield, from which Dr Hicks retired in 1917. Prof. S. R. 
Milner therefore joined Mr Clarke in the remaining stages of the work. 

In this book Dr Hicks has considerably extended the results set out in his earlier and 
larger Treatise on the Analysis of Spectra, which appeared about the same time as Prof. 
Fowler’s Report on Series in Line Spectra and Paschen and Gétze’s Seriengesetze der 
Linienspektren in 1922 and is now out of print. The opening chapter deals with the repre- 
sentation of line series by formulae, and includes, as a very useful and instructive example, 
the evaluation of the four constants of the more general of Dr Hicks’s two modifications 
of the Rydberg formula; these two formulae, it may be noted, are still widely regarded as 
the most useful and accurate of the many which have been proposed for this purpose. In 
the following chapters a large amount of new observational evidence is presented con- 
cerning special features of Dr Hicks’s empirical analyses such as satelloids, high-order 
emission lines, on relations between multiple terms, collaterals, linkages, and summation 
lines. In the ninth and last chapter atomic structure is discussed in relation to the results 
of the foregoing analyses. As is to be expected from the very nature of the work and the 
large amount of numerical material handled, the book is not an easy one to read. It is 
excellently printed and, in conjunction with his former Treatise, forms a fitting record of 
Dr Hicks’s long, painstaking and enthusiastic research in this branch of spectroscopy. 


W. J. 


Resonance Radiation and Excited Atoms, by A. C. G. Mrrcuett and M. W. ZEMAN- 


Sky. Pp. vili+338. (Cambridge University Press, The Cambridge Series of 
Physical Chemistry.) 18s. net. 


This book, by two workers in the field, fills an obvious gap in the literature of experi- 
mental optics. It begins with an introductory chapter on line spectra and the elementary 
processes involved in resonance radiation, followed by a very useful account of typical 
light-sources appropriate to their experimental investigation. The second chapter deals 
with stepwise radiation and with physical and chemical effects of collisions with excited 
atoms. In chapter 111 absorption lines are discussed in detail, and an account is given of 
the measurement of the durations of excited states. Chapter rv, on “Collision processes 
involving excited atoms”, deals rather fully with the broadening of absorption lines and 
Perens The tai apes on the polarization of resonance radiation, gives a 

ensive account of t fec i i 
Sipe nei tenet RE Bek of magnetic fields, and a brief account of those of 
_ The book will be an indispensable work of reference to all who are seriously interested 
in the subject, and the bibliographies are remarkably up to date. The theory is in places 
a little too severely compressed, and the theoretical sections are rather dispersed among 
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the experimental descriptions, so that the book will make difficult reading for the unaided 
beginner, but taken as a whole it is one upon which the authors are to be warmly congratu- 


lated and thanked. 


Lally Wg5 URS 


The Diffraction of Light, X-rays and Material Particles, by C. F. MEyvER. Pp. 473. 
(University of Chicago Press.) 22s. 6d. 


This is a book of a rather unusual type; it consists of a detailed exposition of the 
phenomena of diffraction treated with as little mathematical apparatus as possible. It may 
be said at once that it is extremely well done; the explanations are clear, the style easy and 
sympathetic. In addition, the author has given historical information which is much fuller 
than that usually given in text-books and which adds considerably to the interest. He deals 
fully with a number of points usually omitted, such as the apparent source of light dif- 
fracted from an edge, and his treatment of, for example, the distinction between the 
Fresnel and Fraunhofer classes of effects, and of Babinet’s principle, is unusually thorough 
and careful. The methods of mounting the plane and concave gratings and the errors of 
gratings are dealt with at considerable length. 

It is probable that an English student who is advanced enough to want such a detailed 
account of one aspect only of wave theory would be able to grasp a more mathematical 
treatment and would save time by doing so. On the other hand, many capable students 
find difficulty in grasping the rather difficult physical principles underlying the mathe- 
matics, and for these the book will be very valuable. In addition it should be said that many 
of the more mathematical questions are dealt with in appendices. 

The second part of the book, dealing with X-rays and de Broglie waves, is considerably 
more detailed, at least on the experimental side, than would be required by most honours 
students. As the preface explains, it is intended largely for workers in other sciences whose 
field requires knowledge of these matters, and to this purpose it is well suited. In addition 
to describing the main experiments on electron-diffraction, the author gives a clear account 
of the very interesting work of Stern and others on the diffraction of atoms and molecules, 


G. B. i. 


Newton and the Origin of Colours, by MICHAEL Roserts and E. R. Tuomas. Pp. 
viii+ 133. (London: G. Bell and Sons.) 35. 6d. net. 


It is a pleasure to be able to give an unqualified recommendation to this well-written 
little book. It makes no pretence of giving an exhaustive account of Newton and his work 
on colour, but aims rather at a brief sketch of some of the formative influences surrounding 
his early life, and of the simpler methods of his optical researches. We are given some 
glimpses of his contemporaries and their comments on his work; and the whole account is 
used to illustrate the various principles of scientific method and their evolution. 

It can be heartily commended as a corrective to any over-dose of technical study, and 
the present reviewer intends to bring it to the notice of his own students. It is just long 
enough and sufficiently detailed to create interest, and not so omniscient as to crush discus- 
sion. (How often authors fail to hold such a balance!) ‘There are one or two technical 
queries, as for example “‘ he added to the water a little sugar of lead to raise its mean refractive 
index sufficiently to make it equal to that of glass” (the italics are the present writer’s), 


and the possible misinterpretation of the term “spherical aberration” on p. 38. If indeed 
jt is the case that the aberration now known as “distortion” was originally termed “ spher- 
‘cal aberration”, some reference in support of this would be of interest. It would be idle, 
however, to suggest that such insignificant defects as these detract in any way from the 
success of the book. 

If there is any critical feeling left after its perusal, it may be that this “closer” view of 


Newton’s work hardly gives a sense of the real magnitude of his achievements. In a book 
33-2 
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e fuller mention might well have been made of his work on 
emarkable colour diagram which has formed the foundation 
no small part in the development 
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bearing the above title, som 
colour-mixture, and of the r 
of modern methods of colour measurement, and played 


f the most fruitful theory of colour-vision. Fale, 
: It is doubtful too whether his brilliant achievement in grinding a relatively large- 


aperture paraboloid has ever received the praise it merits. The figure must indeed have 
been excellent to allow of the results actually obtained in his reflecting telescope, and little 
seems to be known of his methods of working mirrors. __ 
However, where so much of interest has been collected in so small a compass, it would 
be ungenerous to ask for the full discussion of the work of this remarkable man, many of 
whose sayings bear a freshness and relevance to problems of our own day which is nothing 
short of amazing. L. C. M. 


Luminescence des Corps Solides, by Maurice Curte. Pp. 146. (Recueil des Con- 
férences-Rapports de Documentation sur la Physique, vol. xxiv.) (Paris: Les 
Presses Universitaires de France.) 5ofr. 


This recent addition to a deservedly famous series of monographs on various branches 
of modern physics deals with a vast and fascinating subject to the development of which 
both physicists and chemists have contributed papers almost innumerable. Comprehen- 
sive accounts of it, with extensive bibliographies, have appeared from time to time, e.g. in 
Kayser’s Handbuch der Spektroscopie, volume 4 (1908), the National Research Council’s 
Bulletin Luminescence (1923), Pringsheim’s Fluorescenz und Phosphorescenz (1928) and 
Lenard, Schmidt and Tomaschek’s volumes 1 and 2 of the Wien-Harms Handbuch der 
Experimentalphysik (1928). The last-named contains a particularly complete account of the 
extensive and important work of Lenard and his school. The present report by a notable 
contributor to knowledge of these phenomena will, without doubt, be very welcome to 
those who require a concise account of the present state of affairs. It is confined, it is true, 
to one branch of the subject, namely the luminescence of inorganic solid solutions. These 
consist, in general, of a crystalline substance, the diluent, of low electrical conductivity 
(such as the sulphides of Zn, Ca, Sr, Ba), containing, as an impurity, a certain, often very 
small, proportion of the centre, i.e. a metal of relatively high atomic number (such as Bi, 
Cu, Mn, Ni, Pb). Besides this class, of which CaS(Bi) is an example, we also have sulphide 
mixtures such as ZnS ..CdS(Cu), oxides such as CaO(Sm), halides such as KCI(TICI) and 
many other compounds. Fluorescence and phosphorescence excited by visible or ultra- 
violet radiation have been investigated far more extensively than those excited by cathode 
rays, X-rays, «, 8 and y rays, and other means. Accordingly photoluminescence (chapter 1) 
occupies about two-thirds of the book, and is followed by much shorter accounts of 
cathodic luminescence (chapter 2), radioluminescence and radio-photoluminescence 
(chapter 3), triboluminescence and scintillations (chapter 4) and luminescence of solids in 
flames (chapter 5). A further volume is promised which will treat of the luminescence of 
gases and vapours, organic substances, and certain inorganic crystalline substances which, 
unlike those dealt with in the present volume, are in a state of purity. Wel. 


Electrons (+ and —), Protons, Photons, Neutrons, and Cosmic Rays, by R. A. 
MILLIKAN. Pp. x+492. (London: Cambridge University Press.) 1 5s. net. 

Most undergraduate students of physical science have diligently thumbed Prof. 
Millikan’s admirable survey entitled The Electron. This volume appeared in 1917, and in 
revised form in 1924. The present work may be regarded as a third edition of The Electron, 
and, without departing from the historical mode of presentation which gave unity to the 
older volume the author has been able to make his present volume a thoroughly up-to-date 
survey of the subject by adding six chapters which deal respectively with waves and 
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particles, the discovery of the cosmic rays, the spinning electron, the positron, the neutron 
and transmutations of the elements, and the nature of the cosmic rays. The new volume 
which gives a view of the position of a most rapidly changing science as it appears at the 
end of 1934, will be as valuable to the new generation of students as its predecessors were 
to an older generation. 


The name of the author attests sufficiently the manner of presentation. 


Ppa) Scientifiques et Industrielles. (Hermann and Co., 6 Rue de la Sorbonne, 6, 
aris. 


Under the above general heading we have received the monographs listed below. Each 
is written by an authority on his subject and the treatment is, in general, concise and clear. 


115. H. Mineur. Histoire de [ Astronomie Stellaire. 15 fr. 

116. H. Mineur. Eléments de Statistique Mathématique. 12 fr. 

141. H. Mineur. Photographie Stellaire. TOuE 

147. Pierre Humbert. Le Calcul Symbolique. to fr. 

159. L. Brillouin. Les Champs “ Self-Consistents” de Hartree et de Fock. 10 Les 

160. L. Brillouin. L’Atome de Thomas-Fermi. 12 fr. 

162. P. Swings. Travaux récents sur les molécules dans le Soleil, les Planétes et les 
Etoiles. 14 fr. 

177. J. Genard. Fluorescence des Vapeurs dans le Champ Magnétique. 12 fr. 

181. Louis de Broglie. Une Nouvelle Conception de la Lumiere. 12 fr. 

182. Iréne Curie et F. Joliot. L’ Electron Positif. 10 fr. 

185. M. Haissinsky. Les Radiocolloides. 9 fr. 


Chemical Kinetics and Chain Reactions, by N. SEMENOFF. (International Series of 
Monographs on Physics, edited by R. H. Fowler and P. Kapitza.) Pp. xii+ 480. 
(Oxford: The Clarendon Press, Mr Humphrey Milford.) 1935. 35s. net. 


The foundations of chemical kinetics, or the theory of the velocities of chemical 
changes, were laid by the researches of Harcourt and Esson about 1850-66, but the subject 
was first systematically formulated by van’t Hoff in his Etudes de Dynamique Chimique in 
1884, who obtained equations for uni-, bi- and multi-molecular changes and gave a simple 
kinetic interpretation to them. The effect of temperature was expressed in the form 
k—Be#l®2, where k is the velocity constant, Band E are constants, R is the gas constant 
and T' the absolute temperature. Arrhenius in 1889 showed that # may be interpreted as 
an energy of activation, such that only molecules with an energy exceeding E are capable 
of undergoing change. Succeeding investigation has, until recently, been mainly con- 
cerned with the application and elaboration of these fundamental laws. 

As more and more systems were investigated, it became clear that the number of 
reactions which proceed normally is surprisingly small, and this number is constantly 
decreasing so that, whereas bimolecular reactions were formerly regarded as the pre- 
dominant type, a recent monograph on the subject could record only two unequivocal 
cases of bimolecular reactions. 

The idea of a reaction chain appeared about 1913. In one formulation it assumes that 
the chemical energy set free in a single molecular process (‘elementary act’) is not directly 
transformed into heat, but may be consumed at least partly in the formation of inter- 
mediate products with high energies which, by interaction with the original substance, are 
constantly renewed at the expense of the released energy. A simple case of such a chain 
reaction is afforded by the photochemical union of hydrogen and chlorine. The absorption 
of one quantum bya chlorine molecule produces, according to Einstein’s law, an elemen- 
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tary act leading to the formation of two atoms of chlorine. Each chlorine atom then takes 
part in a cycle of changes represented by the equations 
1. Cl,+/v=C1+Cl; 


2. Cl+H,=HCI+H; 
3. H+Cl,=HCI+Cl; 


and the chain of reaction thus proceeds until it is terminated by collision of a chlorine or 
hydrogen atom with an oxygen molecule, for example, or with the wall of the vessel. 

The theoretical and experimental investigation of chain reactions has been the object 
of intensive study in recent years, and more than half the material in the book has been 
gathered in the last four years, a substantial part of it being done in the author’s laboratory 
in Leningrad. The first part of the book deals with the general principles of the chain theory, 
together with the straightforward mathematics involved. The other three parts contain a 
detailed and critical analysis of the experimental data for nearly fifty reactions on the 
basis of the theory, and finally a summary of the main conclusions reached. 

Such a survey by a leading authority is of very considerable value, particularly as the 
subject is one on which much work in various fields is now in progress. It is obviously 
impossible to specify the various reactions considered, but it may be mentioned that they 
include the classical hydrogen-chlorine reaction, the glow of phosphorus and the oxidation 
of hydrogen, carbon monoxide and hydrocarbons—all reactions which have been studied 
over a long period of years and still present obscure features. Prof. Semenoff’s work is 
one which brings together in a very critical and instructive way a large mass of scattered 
information, and its appearance is an event which will be welcomed both by the specialists 
in this field and by the larger body of scientists who are desirous of finding out what 
progress has been made in recent years in the study of these very fundamental problems. 


J. R. P. 


Some Problems of Modern Meteorology. Pp. v+170. (London: Royal Meteoro- 
logical Society, 49 Cromwell Road, S.W. 7.) 3s. 6d. 


This book consists of sixteen articles by fourteen authors, on some of the main pro- 
blems of meteorology. These articles are reprinted, with some additional notes, from the 
Quarterly fournal of the Royal Meteorological Society, where they originally appeared 
during the period July 1930 to October 1934, under the editorship of Prof. D. Brunt, who 
contributes an introduction to the present volume. The subjects discussed are the origin 
of cyclonic depressions, radiation and absorption in the atmosphere, energy-transforma- 
tions in the atmosphere (Brunt), weather-forecasting, rainfall (Douglas), origin of anti- 
cyclones, post-glacial climates and the forests of Europe (Brooks), the atmospheric circula- 
tion (Barlow), thunderstorms (Watson Watt), atmospheric turbulence (Davies and Sutton), 
seasonal forecasting (Normand), antarctic meteorology (Kidson), terrestrial» magnetic 
variations (Goldie), meteorological acoustics (Tucker), condensation in the atmosphere 
(Bennett), and atmospheric ozone (Dobson and Meetham). The articles summarize the 
rai position of these problems, and give numerous recent references to work upon 
them. 

The collected re-issue of these articles should appeal not only to meteorologists, who 
should in general have read them in the Quarterly Fournal of the Royal Meteorological 
Society, but also to a much wider circle of physicists who do not see that journal. The 
latter will, it is hoped, be impressed by the great body of meteorological knowledge which 
underlies these articles, and no less impressed and interested by the fundamental character 
of many of the chief unsolved problems of the subject. 


The extremely moderate price of the book should be noted. S.C. 
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Thermostats and Temperature-Regulating Instruments, by ROOSEVELT GRIFFITHS, 
M.Sc. (London: Chas. Griffin and Co., Ltd., 1934.) 10s. net. 


It is perfectly true that an instrument is a means to an end, and that the end should not 
be lost sight of in contemplating the means. Nevertheless among the devotees of experi- 
mental science one may find here and there a few favoured souls who take an artist’s 
delight in an instrument for its own sake, who realize fully that the first duty of the instru- 
ment is to do its job, but whose interest slackens a little when they are asked to transfer 
their attention from the instrument to the job which it is doing. Whatever may be the bent 
of the author of this book there is no doubt that he is a lover of instruments. His descrip- 
tions of the various thermostatic devices are full, lucid and written con amore. 

He has covered a wide range, and has described thermostats based on the temperature 
expansion of solids, of liquids and of gases, on the boiling-points of liquids, and on change 
of resistance with temperature. He has provided chapters dealing with the bimetallic and 
contact types of regulator, and with potentiometric and induction regulators. The last 
chapter of the book deals with low-temperature control. The volume is well produced and 
illustrated, and is compact in size and reasonable in price. It should prove a useful addition 
to the shelves of the experimenter. A. F. 


Principles of Mathematical Physics, by W. V. Houston. Pp. xi+265. (London: 
McGraw-Hill Publishing Co., Ltd., 1934.) 215. net. 


This book is so condensed that it could be of little use except as a class-book where the 
lecturer proposes to cover practically the same course as that outlined in it..A feature is 
the large collection of problems, many of which we are more accustomed to seeing as 
theorems. Thus the student is given the problem of the brachistochrone as exercise 2 of 
chapter 5, and elsewhere is asked to find the field inside a spherical cavity and also inside 
long and short cylindrical cavities hollowed out in a block of magnetic material placed in 
a magnetic field. From the equation E =mc* he is asked to compute the mass of a moving 
electron, remembering that owing to the Lorentz transformation it becomes an ellipsoid 
of revolution. These examples suggest that the author is contemplating readers who will 
not be troubled by purely mathematical difficulties; yet apparently he envisages readers 
who need instruction in quite elementary differential equations, to which chapters 1 and 3 
are devoted. Indeed, quite a considerable part of the book deals not with mathematical 
physics but with physical mathematics. In addition to the chapters just mentioned, there 
are others on the calculus of variations and on vector analysis, which really belong to the 
realm of mathematics. There is good reason for the inclusion of the one on variational 
methods, because there are few elementary treatments of this subject available. ‘The 
chapter on vectors, again, is valuable for its last few sections, on the linear vector operator 
and on Gibbs’s dyads; the relation to tensor calculus is shown, and use is made of these 
:deas elsewhere in the book, particularly in treating rigid dynamics by means of Euler’s 
angles. 

The part of the book devoted to true mathematical physics restricts itself to non- 
quantum physics; it is none the worse for this, since the main mathematical points which 
the student will need later in quantum theory have been rather ingeniously introduced in 
the treatment of the classical theory. The subjects dealt with are mechanics up to the 
Hamiltonian equations (but not elasticity or hydrodynamics), the first two laws of thermo- 
dynamics, statistical mechanics (14 valuable pages), electricity, and the restricted theory 


of relativity. A particularly good chapter is that on the theory of vibrating systems in 
general, where a digression is made to discuss the expansion of functions in series of 
orthogonal functions. On the other hand, it is a pity to see the author apologizing to the 


student for dealing with the mechanics of rigid bodies, and admitting that they do not 
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exist in nature. Actually even a liquid is a rigid body, as far as the equations of mechanics 


are concerned, if its volume and shape are not changing. _ 
The book is well printed and singularly free from misprints, except on p. 166 where the 


last few lines have no connection with the matter immediately preceding or following them. 
J. H. A. 


Relativity Physics, by W. H. McCrea, M.A., B.Sc., Ph.D., F.R.S.E. Pp. viit+ 87. 
(London: Methuen and Co., Ltd., 1935.) 2s. 6d. net. 


This short monograph gives an admirable account of those results of the special theory 
of relativity which find most frequent application in physics. There is no other book, as 
far as the knowledge of the reviewer goes, which contains in such an accessible and concise 
form the wealth of information which is provided here by Dr McCrea. After a brief 
account of the origin of the Lorentz transformation the author applies the special theory 
of relativity to numerous problems of kinematics, mechanics, optics, electromagnetic 
theory, atomic physics, thermodynamics, statistical mechanics and hydrodynamics. This 
is an amazing array of topics and every student of the theory of relativity will be glad of 
such a concise and simple summary of the principal results which have been obtained in 
these widely different fields by relativistic methods. 

The only notable omission is the lack of any reference to the use which was made by 
L. H. Thomas of the Lorentz transformation in calculating the precession of a spinning 
electron moving through an electric field. This investigation has a considerable historic 
interest both in relation to the quantum theory of the anomalous Zeeman factor and in 
relation to relativistic rigid dynamics. 

The mention of rigid dynamics suggests another small criticism which can be urged 
against this monograph. It deals exclusively with the successes of relativistic theory and 
makes no reference to its failures. Thus it does not refer to the many unsuccessful attempts 
to construct a relativistic dynamics of rigid or quasi-rigid bodies, and it does not refer to 
the, as yet, unresolved problem of the relativistic dynamics of a system of particles. The 
only reference to this topic is on p. 79, lines 4 and 5, where it is asserted that Hamiltonian 
equations of motion hold good in relativistic mechanics. There is a reference to the 
equations deduced on p. 28. However, these equations refer to a single particle only and 
all attempts to construct a Hamiltonian function for a system of several particles have so 
far met with complete failure. The difficulty is probably due to the inapplicability of the 
special theory of relativity to any systems except isolated particles. Thus Eddington has 
recently asserted the need for reintroducing the concept of absolute simultaneity when 
discussing the properties of a complex system. 

However, these detailed criticisms are entirely of a minor character and do not detract 
in any way from the great value of this little book as a most valuable summary of standard 


results. sig 


pode Geometry, by L. Linss. Pp. xx+292. (London: Macmillan and Co., 193 5.) 
cr 


The disadvantage in allowing one who is not a practising teacher of mathematics to 
review this book is that the reviewer is not sure where to apportion his praise. The book is 
intended primarily for the use of pupils preparing for one of the Higher School Certificate 
examinations, and thus gives a course in solid geometry which would frequently be taken 
by those not destined to become mathematical specialists. From this point of view, the 
advance on the methods of twenty years ago is enormous and somebody should be highly 
congratulated. If Mr Lines is leading the way, let him accept the felicitations; if he merely 
follows others, then we must regret that the pioneers have not been more widely acclaimed. 

The solid geometry dealt with is the Euclidean geometry of the point, line and plane, 
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extended so as to make use, where advisable, of algebraic and trigonometric methods. It is 
not ‘experimental’ geometry, and on the other hand it does not overlook the value of 
suitably drawn diagrams. The striking differences from the older books lie in the subject 
matter, and the use made of modern ideas in notation. To take the latter first, we can 
illustrate it with part of the rider “If three planes intersect, two by two, show that their 
lines of intersection are either concurrent or parallel”. 


Let the three planes be «, 8, y. The straight lines yx and «f lie in the same plane «; .*. they 
either intersect or are parallel. 
If they intersect, their common point lies on all three planes; i.e. it is «By; 


*, it lies on By 
.. By, y%, #B are concurrent.” 


The way the notation assists the argument is well brought out even to a young pupil. 

As regards the subject matter, after the more usual geometry and mensuration we come 
to a detailed treatment of polyhedra, including the star polyhedra, and it is pointed out 
that Euler’s theorem breaks down for certain of the latter. These chapters are followed by 
extremely good treatments of subjects suggested by physics—space lattices and their 
classification, and sphere-packs—and the book is brought to a close with a chapter on 
patterns and crystals. Perhaps the only thing to regret is the absence of some elementary 
introduction to geometry on the surface of a sphere. 

A question arises whether the average young student will find the nomenclature too 
much strain on the memory. The first page of the excellent index includes anorthic, 
bisphenoid, Bravais, clinographic, regul., snub (cube), cuboctahedron, dyakis, stellated (dodeca- 
hedron) and enantiomorphous, all of them words which would be new to most pupils. 

ipo 


Cambridge Tracts in Mathematics and Mathematical Physics, No. 32. Generalized 
Hypergeometric Series, by W. N. Battey. Pp. 108. (London: The Cambridge 
University Press.) 6s. 6d. net. 


The latest of the Cambridge Tracts in Mathematics and Mathematical Physics is devoted 
to generalized hypergeometric series. This is a subject in which most of the developments 
of the last few years have been made by the author, Dr W. N. Bailey. He has skilfully 
arranged his material so as to display the variety im the methods which are available for 
obtaining the numerous formulae which have been discovered. 

A hypergeometric series is a generalization of the binomial expansion. Binomial 
coefficients can be found in succession by multiplying by fractions, the numerators and 
denominators of the fractions being increased successively by unity. Multiply each term 
by two such fractions and the hypergeometric series is obtained. Multiply by three or more 
such fractions and the resulting expansion is a generalized hypergeometric series. It 1s 
well known that certain hypergeometric series are related to each other in simple ways. In 
some cases the series can be summed, just as a binomial expansion can be summed. The 
more general theory is concerned with the discovery of relations between generalized 
hypergeometric series and with their summation, which is usually in terms of gamma 
functions. ; 

It has been found possible to classify the generalized series; the most interesting type 
is the ‘“well-poised” series in which each of the fractions used for multiplication at any 
stage of the generation of the series has the same value for the sum of numerator and 
denominator. Bailey has actually found formulae relating to well-poised series of the 
ninth order, i.e. series in which there are no fewer than nine fractions to multiply by at 
each stage. ; 

The subject has many points of contact with the theory of the functions used in 
mathematical physics and, although the more elaborate formulae in the tract have not yet 
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found any application, it may prove useful to physicists to have such formulae readily 
available. There is one application which has not yet been made explicitly, though the cell 
for it was announced in 1858 when Cayley published a short article in the Philosophical 
Magazine and enunciated a proposition which he had not been able to prove but which he 
said he had discovered in discussing certain relations in planetary theory. A proof of 
Cayley’s theorem was published by Orr in 1899 and it is now known how the theorem fits 
into the theory of generalized hypergeometric series, but it 1s not known whether there is 
an important application in planetary theory. It is to be hoped that some expert in that 
subject will look into the question. F. J. W. W. 


Numerical Studies in Differential Equations. Vol.1, by H. Levy and E. A. Baccorr. 
Pp. viii+238. (London: C. A. Watts and Co.) 12s. 6d. 

All who were present at the fascinating lecture given by Prof. Levy to the London 
Mathematical Society on May 19, 1932, have been looking forward ever since to the appear- 
ance of his promised book on the numerical treatment of differential equations. The present 
instalment, volume 1, tends rather to whet the appetite for what is to come than to slake 
the thirst. Here we have an expanded treatment of the purely graphical methods and of the 
usual numerical processes of the type devised by Runge. Picard’s method for obtaining 
a series solution (not necessarily in integral powers of the independent variable) is also 
included, and is made to appear much more attractive than most writers have made it. 

The familiar methods of integrating ordinary differential equations numerically prac- 
tically restrict themselves to the case when the boundary conditions consist in the assign- 
ment of definite values to the dependent variable and all but the highest of its differential 
coefficients, at a point which may be taken as origin. This book does not shirk the more 
difficult problems which arise when boundary conditions are assigned at two or more 
points in the range of integration, and it is in this respect that it will be most valuable. 

The treatment is very clear throughout. As befits the subject, processes and methods 
are frequently expounded not by giving general investigations but by applying them to 
specific numerical problems. In addition, an adequate selection of examples for practice 
is included. 

The last chapter contains a variety of miscellaneous theorems which do not strictly 
belong to the subject of numerical treatment, though their applicability to that subject is 
illustrated—in striking fashion on occasion. Here we are reminded by meeting the 
characteristic values of a parameter, that the second volume is to deal systematically with 
partial differential equations. This will be a difficult task, but the manner in which volume 1 
has been carried out suggests that the right authors have been found for the work. 


‘ J. H. A. 


Mathematical Tables. Vol. 3.* (Minimum Decompositions into Fifth Powers.) 
By L. E. Dickson. (London: Office of the British Association, 1933.) ros. 


The theorem that any integer can be expressed as the sum of not more than four 
squares has long been known, but there is no corresponding theorem for powers higher 
than the square. In the case of the fifth powers, for example, it is evident that 31, being 
less than 2°, cannot be decomposed into fewer than 31 such terms, whilst 22 3 (which is less 
than 3°) requires 37, viz. (6 x 25+31 x15), 

The present table shows the actual minimum decompositions of all numbers up to 


150,000 and the minimum number of fifth powers to be added together to make any number 
up to 300,000. Thus the entry 


| 87701 | I Sabb. OO 8 


- In the review of volume 2 of this publication, Proc. phys. Soe. 
printed in error for “volume 2.” 3 


45, 133 (1934), “volume 3” was 
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means that 87701 =2° +0 x 3°+5 x454+1x5°+6x 6? +0x7+IX 85, Since it is evident 
that when the minimum decomposition of N is known, a decomposition of (N+1) can 
be obtained merely by adding 1°, space can be saved by omitting the entries for those 
numbers for which this decomposition is the minimum one. This has been done here, 
with the result that the numbers up to 10,000 occupy only about 1050 entries, and are 


set out in four and a half pages. After 150,000 such an entry as | 17037 9 | 12 | means 


that 12 fifth powers will suffice for this number. The actual decomposition is quite 
easy to find: subtracting 11° or 161051 from 179379 gives 18328, which (from the earlier 
part of the table) has more than 11 decompositions. Hence the first term is not 1 1°. NEXt 
taking ro® as a trial value, we find from the table that 79379 has too many decompositions. 
The next trial, with 2 x 9°, leaves a remainder 61281 = 3° + 4 x 4543 x6°+2x 7°, making 
the correct total of 12 fifth powers for the original number. 

The number of fifth powers to be added together to make a given integer seems on the 
whole to decrease with the size of the number. No number in the table requires more than 
37 terms, and this occurs only for N=223. After this, no number requires more than 31 
fifth powers; after 30,000 no number up to 300,000 requires more than 19; and between 
191,263 and 4,037,824 it has been proved that 15 terms will always suffice. It is also 
interesting to note that the results given here have been used by Dickson to prove that 37 
gives an upper limit for numbers right up to 107%. 

The book is well printed (it is reproduced by the replica process from typescript, to 


reduce the risk of error), but it might have been convenient if a table of fifth powers had 
been printed as an appendix. JHA. 


